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EXECUTIVE SUMMARY

The objective of this research was to experimentally and theoretically investigate the
radiation-induced extinction of gaseous diffusion flames in ug. The pg conditions were required
because radiation-induced extinction is generally not possible in /-g but is highly likely in ug.
In I-g, the flame-generated particulates (e.g. soot) and gaseous combustion products that are
responsible for flame radiation, are swept away from the high temperature reaction zone by the
buoyancy-induced flow and a steady state is developed. In ug, however, the absence of
buoyancy-induced flow which transports the fuel and the oxidizer to the combustion zone and
removes the hot combustion products from it enhances the flame radiation due to: (i) transient
build-up of the combustion products in the flame zone which increases the gas radiation, and (ii)
longer residence time makes conditions appropriate for substantial amounts of soot to form which
is usually responsible for most of the radiative heat loss. Numerical calculations conducted
during the course of this work show that even non-radiative flames continue to become "weaker"”
(diminished burning rate per unit flame area) due to reduced rates of convective & diffusive
transport. Thus, it was anticipated that radiative heat loss may eventually extinguish the already
"weak" pg diffusion flame. While this hypothesis appears convincing and our numerical
calculations support it, experiments for a long enough ug time could not be conducted during the
course of this research to provide an experimental proof. Space shuttle experiments on candle
flames [Dietrich, Ross and T’ien, 1995] show that in an infinite ambient atmosphere, the
hemispherical candle flame in g will burn indefinitely. It was hoped that radiative extinction
can be experimentally shown by the aerodynamically stabilized gaseous diffusion flames where
the fuel supply rate was externally controlled. While substantial progress toward this goal was
made during this project, identifying the experimental conditions for which radiative extinction
occurs, for various fuels, requires further study.

To investigate radiation-induced extinction, spherical geometry was used for the ug
experiments for the following reasons: (i) It reduces the complexity by making the problem one-
dimensional. Thus, it is convenient for both experimental measurements and theoretical
modeling. (ii) The spherical diffusion flame completely encloses the soot which is formed on the
fuel rich side of the reaction zone. This increases the importance of flame radiation because now
both soot and gaseous combustion products co-exist inside the high temperature spherical
diffusion flame. It also increases the possibility of radiative extinction due to soot crossing the
high temperature reaction zone. (iii) For small fuel injection velocities, as is usually the case for
a pyrolyzing solid, the diffusion controlled flame in ug around the pyrolyzing solid naturally
develops spherical symmetry. Thus, spherical diffusion flames are of interest to fires in pyg and
identifying conditions (ambient atmosphere, fuel flow rate, fuel type, fuel additives, etc.) where
radiation-induced extinction occurs was considered important for spacecraft fire safety.

During the course of this research, it was also found that the absence of buoyant flows
in g and the resulting long reactant residence times significantly change the thermochemical
environment and hence the flame chemistry. Thus, for realistic theoretical models, knowledge
of the formation and oxidation rates of soot and other combustion products in the thermochemical
environment existing under pg conditions was essential. This requires detailed optical and gas
chromatographic measurements that are not easily possible under pg conditions. Thus,
supplementary /-g experiments with detailed chemical measurements were conducted. The



spherical burner, however, was not suitable for these detailed /-g experiments due to the complex
buoyancy-induced flow field generated around it. Thus, a one-dimensional counterflow diffusion
flame was used. At low strain rates, with the diffusion flame on the fuel side of the stagnation
plane, conditions similar to the ug case are created -- soot is again forced through the high
temperature reaction zone. Furthermore, high concentration of combustion products in the
sooting zone can be easily obtained by adding appropriate amounts of CO, and H,0 to the fuel
and/or the oxidizer streams. These I-g experiments were used to support the development of
detailed chemistry transient models that include soot formation and oxidation for both ug and /-g
cases.

To understand the radiative-extinction process and to explain the experimental results,
transient numerical models for both ug and I-g cases were developed. These models include
simplified one-step chemistry and gas radiation. Soot formation and oxidation and soot radiation
was included only for the transient /-g case along with the simplified one-step chemistry. Within
the assumptions, both the ug and /-g models predicted radiative extinction of diffusion flames
due to gas radiation. While this was very encouraging, detailed chemistry and transport
properties need to be included in these models. This was done only for the I-g steady-state
counterflow diffusion flame both with & without enhanced H,O concentrations. The I-g
experiments were particularly important for validating these models because for cases where
flame extinction does not occur, a steady state is predicted. This steady-state condition was
directly compared with the detailed experimental measurements.

The research conducted during the course of this project was published in the following
articles:

1. Atreya, A, Wichman, I, Guenther, M., Ray, A. and Agrawal, S. "An Experimental and

Theoretical Study of Radiative Extinction of Diffusion Flames," Second International

Microgravity Combustion Workshop, Cleveland, OH, NASA Conference Publication 10113,

September, 1992.

Atreya, A. and Agrawal, S. "Effect of Radiative Heat Loss on Diffusion Flames in Quiescent

Microgravity Atmosphere,” Annual Conference on Fire Research, NIST, October, 1993.

3. Atreya, A., and Agrawal, S., "Extinction of Moving Diffusion Flames in a Quiescent
Microgravity Environment due to COy/H,0/Soot Radiative Heat Losses," First ISHMT-ASME
Heat and Mass Transfer Conference, 1994.

4. Atreya, A, Agrawal, S., Sacksteder, K., and Baum, H., "Observations of Methane and Ethylene

Diffusion Flames Stabilized around a Blowing Porous Sphere under Microgravity Conditions,”

AJAA paper # 94-0572, 1994.

Atreya, A., Agrawal, S., Shamim, T, Pickett, K., Sacksteder, K. R. and Baum, H. R. "Radiant

Extinction of Gaseous Diffusion Flames," 3rd International Microgravity Conference, April,

1995.

6. Pickett, K., Atreya, A., Agrawal, S., and Sacksteder, K., “Radiation from Unsteady Spherical
Diffusion Flames in Microgravity,” AIAA paper # 95-0148, January 1995.

7. Atreya, A. and Agrawal, S., "Effect of Radiative Heat Loss on Diffusion Flames in Quiescent
Microgravity Atmosphere,” Combustion & Flame, (accepted for publication), 1995.

8. Arreya, A., Agrawal, S., Sacksteder, K. R., and Baum, H. R. "Unsteady Gaseous Spherical
Diffusion Flames in Microgravity - Part A: Expansion Rate” being prepared for submission
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RESEARCH RESULTS

1. INTRODUCTION AND OBJECTIVES

The absence of buoyancy-induced flows in ug and the resulting increase in the reactant
residence time significantly alters the fundamentals of many combustion processes. Substantial
differences between I-g and pg flames have been reported in experiments on candle flames (1,
2], flame spread over solids [3, 4], droplet combustion {3, 6] and others. These differences are
more basic than just in the visible flame shape. Longer residence times and higher concentration
of combustion products in the flame zone create a thermochemical environment which changes
the flame chemistry and the heat and mass transfer processes. Processes such as flame radiation
(and its interaction with the flame chemistry), that are often ignored under normal gravity,
become very important and sometimes even controlling. This is particularly true for conditions
at extinction of a ug diffusion flame. As an example, consider the droplet burning problem. The
visible flame shape is spherical under pg versus a teardrop shape under I-g. Since most models
of droplet combustion utilize spherical symmetry, excellent agreement with the experiments is
anticipated. However, ug experiments show that a soot shell is formed between the flame and
the evaporating droplet of a sooty fuel [5, 6]. This soot shell alters the heat and mass transfer
between the droplet and its flame resulting in significant changes in the burning rate and the
propensity for flame extinction.

Under I-g, the buoyancy-generated flow, which may be characterized by the strain rate,
assists the diffusion process to transport the fuel and the oxidizer to the combustion zone and
remove the hot combustion products from it. These are essential functions for the survival of
the flame which needs fuel and oxidizer. Numerical calculations [7] show that even flames with
no heat loss become "weak" (diminished burning rate per unit flame area) in the absence of flow
or zero strain rate. Thus, as the strain rate (or the flow rate) is increased, the diffusion flame
which is "weak" at low strain rates is initially “strengthened” and eventually it may be "blown-
out." The computed flammability boundaries show that such a reversal in material flammability
occurs at strain rates around 5 sec’! [8]. Also, model calculations of zero strain rate transient
diffusion flames show that even gas radiation is sufficient to extinguish the tlame [7]. Yet, the
literature substantially lacks a systematic study of low strain rate, radiation-induced, extincuon
of diffusion flames. Experimentally, this can only be accomplished under microgravity

conditions.

The lack of buoyant flow in ug also enhances the flame radiation due to: (i) build-up of
combustion products in the flame zone which increases the gas radiation, and (ii) longer residence
times make conditions appropriate for substantial amounts of soot to form which is usually
responsible for most of the radiative heat loss. Thus, it is anticipated that radiative heat loss may
eventually extinguish the already "weak" ug diffusion flame. While this is a convincing
hypothesis, space shuttle experiments on candle flames show that in an infinite ambient
atmosphere, the hemispherical candle flame in g will bumn indefinitely [1]. It was our goal to
experimentally and theoretically find conditions under which radiative extinction occurs for
aerodynamically stabilized gaseous diffusion flames. Identifying these conditions (ambient
atmosphere, fuel flow rate, fuel type, fuel additives, etc.) is important for spacecraft fire safety.
Thus, the objective of this research was to experimentally and theoretically investigate the
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radiation-induced extinction of gaseous diffusion flames in ug and determine the effect of flame
radiation on the "weak" ug diffusion flame. Scientifically, this requires understanding the
interaction of flame radiation with flame chemistry.

To experimentally investigate radiation-induced extinction, spherical geometry was used for
pg for the following reasons: (i) It reduces the complexity by making the problem one-
dimensional. Thus, it is convenient for both experimental measurements and theoretical
modeling. (ii) The spherical diffusion flame completely encloses the soot which is formed on the
fuel rich side of the reaction zone. This increases the importance of flame radiation because now
both soot and gaseous combustion products co-exist inside the high temperature spherical
diffusion flame. It also increases the possibility of radiative extinction due to soot crossing the
high temperature reaction zone. (iii) For small fuel injection velocities, as is usually the case for
a pyrolyzing solid, the diffusion controlled flame in pg around the pyrolyzing solid naturally
develops spherical symmetry. Thus, spherical diffusion flames are of interest to fires in ug.

To theoretically investigate the radiation-induced extinction limits, knowledge of the rates of
production and destruction of soot and other combustion products in the thermochemical
environment existing under pg conditions is essential. This requires detailed optical and gas
chromatographic measurements that are not easily possible under pg conditions. Thus,
supplementary I-g experiments with detailed chemical measurements were conducted. The
spherical burner, however, is not suitable for these detailed /-g experiments due to the complex
buoyancy-induced flow field generated around it. Thus, a one-dimensional counterflow diffusion
flame was used. At low strain rates, with the diffusion flame on the fuel side of the stagnation
plane, conditions similar to the ug case are created -- soot is again forced through the high
temperature reaction zone. Furthermore, high concentration of combustion products in the
sooting zone was easily obtained by adding appropriate amounts of CO, and H,O to the fuel
and/or the oxidizer streams. These /-g experiments supported the development of detailed
chemistry transient models for both ug and /-g cases. Interestingly, understanding the effect of
increased concentration of combustion products on sooting diffusion flames is also important for
several 1-g applications. For example, many furnaces and engines use exhaust gas recirculation
for pollutant control. Similarly, oxidizing soot by forcing it through the reaction zone is an
excellent method of controlling soot emissions, if the flame is not extinguished. The effect of
increased water vapor concentration on sooty diffusion flames is also important for water mist
fire suppression technology. Thus, the fundamental knowledge generated during this research
has wide spread -g applications in addition to helping develop a fire safe pg environment.

2. PREVIOUS RESEARCH

An extensive review on ug combustion has recently been published by Law and Faeth [9].
Thus, only relevant aspects are summarized here. In the literature, propagation and extinction
of premixed flames (both under pg and 1-g conditions) has received much more attention than
diffusion flames. Some excellent work on premixed flames may be found in references [9-14].
Relatively fewer studies on mechanisms of diffusion flame extinction are available [8, 15-20].
Of these, even fewer have included flame radiation as the extinction mechanism [19, 20]. This
is not surprising, because under /-8 conditions flame radiation does not extinguish diffusion
flames. Even in very sooty diffusion flames, the excess particulates are simply ejected from the



flame tip (where it is locally extinguished) and convected away by the buoyant flow field.
Typically, in /-g, extinction is caused by high strain rates generated by buoyant or forced flows
and has been a subject of numerous studies (see for e.g., [21]). However, in g, strain rates are
very low and excess flame-generated particles and products of combustion become efficient
radiators of chemical energy and may cause radiative-extinction. To the best of author’s
knowledge, to-date there is no systematic study of the radiative-extinction hvpothesis; although
numerical models supporting it have recently been presented [7, 22-25]. Much related work in
this area is currently underway by Drs. T. Kashiwagi, H. Baum, J. T'ein, H. Ross, K. Sacksteder,
E. Willams, C. Law, G. M. Faeth, C. Avedisian, S. Bhattacharjee and R. Altenkirch. Their work
is described in Refs. [9, 26-28] and the references cited therein. In summary: Combustion
research prior to this work had focused primarily on problems that may be characterized by
moderate to high strain rates. Combustion products do not accumulate near the reaction zone
at these strain rates and soot is not produced in significant quantities. Thus, flame radiation was
Jjustifiably ignored and few studies that investigate the effect of flame radiation on extinction are
available in the literature. Furthermore, low strain rates available under ug conditions, open
a much less investigated fundamental branch of combustion science, i.e., - understanding the
interaction of flame radiation with flame chemistry in addition to the limit phenomenon of
radiation-induced flame extinction.

Counterflow diffusion flames (used in the I-g supporting experiments) have been extensively
used in the past to study the extinction phenomena due to high strain rates and inert gas dilution
(Tsuji, Sheshadri, Law and others, see for e.g. [29-31]). However, despite their obvious 1-D
advantages, they have rarely been used to study particulate formation in flames and have never
been used to investigate radiative extinction at low strain rates. The primary reason for this is
that particulate formation is associated with long residence times - or low strain rates - and such
flames are very difficult to stabilize under /-g conditions. The buoyant high-temperature gases
in the combustion zone alter the flow field until the ideal counterflow ceases to exist. To
overcome the buoyancy effect, flow rates of fuel and oxidizer are increased, which in tum
reduces the residence times and the particulate formation rate. Thus, despite the obvious
advantage of 1-D species and temperature fields, many investigators have been forced to use
more complicated co-flow or Parker-Wolfhard bumers to study soot formation rates. We
designed a special low-strain-rate, high-temperature and controlled composition, 1-D counterflow
diffusion flame burner to enable reproducing the thermochemical environment present under (g
conditions and to measure the thermal, chemical and sooting structure of radiating diffusion

flames.

3. EXPERIMENTAL APPARATUS

Microgravity Experiments
The pg experiments were conducted in the 2.2 sec drop tower at the NASA Lewis

Research Center. The experimental drop-rig used is shown in Figure l. It consists of a test
chamber, burner, igniter, gas cylinders, solenoid and metering valves, thermocouples with signal
processors, photodiodes with electronics, video camera, computer and batteries to power the
computer and the solenoid valves. The spherical bumner (1.9 cm in diameter) was constructed
from a porous ceramic material. Two gas cylinders (150 cc & 500 cc) charged with various
gases between 15 to 45 psig were used to supply the fuel to the porous spherical burmer. Typical
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gas flow rates used were in the range of 3-25 cm?/s. Flow rates to the burner were controlled
by a needle valve and a gas solenoid valve was used to open and close the gas line to the bumer
upon computer command. An igniter was used to establish a diffusion flame. After ignition the
igniter was quickly retracted from the burner and secured in a catching mechanism by a
computer-controlled rotary solenoid. This was necessary for two reasons (i) The igniter provides
a heat sink and will quench the flame (ii) Upon impact with the ground (after 2.2 sec) the
vibrating igniter may damage the porous burner.

As shown in the figure, the test chamber has a 5" diameter Lexan window which enables
the camera to photograph the spherical diffusion flame. The flame growth was recorded either
by a 16mm color movie camera or by a color CCD camera which was connected to a video
recorder by a fiber-optic cable during the drop. Since the flow may change with time, it was
calibrated for various settings of the needle valve for all gases. A soap bubble flow meter was
used for this purpose. An in-line pressure transducer was used to obtain the transient flow rates.
Changes in the cylinder pressure during the experiment along with the pressure-flow rate
calibration, provides the transient volumetric flow rates. However, the flow rates during the
experiments were found to be nearly constant.

Ground-Based Counterflow Diffusion Flame Experiments

The I-g ground-based supporting experiments were performed in the counterflow diffusion
flame apparatus schematically shown in Figure 2 (for further details see Ref.[32-34]). In this
apparatus, an axis-symmetric diffusion flame was stabilized between the two preheated fuel and
oxidizer streams in a specially-constructed ceramic burner. Two streams of gases which can be
electrically preheated impinge against each other to form a stable stagnation plane, which lies
approximately at the center of the bumer gap. Upon ignition, a flat axis-symmetric diffusion
flame roughly 8cm in diameter was established above the stagnation plane. All measurements
are taken along the axial streamline. Co-flowing nitrogen was introduced along the outer edge
of the bumer to eliminate oxidizer entrainment and to extinguish the flame in the outer jacket.
Methane, ethylene, oxygen, nitrogen, helium and carbon dioxide used during the experiments are
obtained from chemical purity gas cylinders and their flow rates are measured using calibrated
critical flow orifices. Water vapor was generated by passing a stream of inert gas (helium or
nitrogen) through a distilled water saturater maintained at a specified temperature. To determine
the detailed diffusion flame structure, very low strain rates (= 6-8 sec’) were employed in order
to increase the reactant residence time as much as possible and thus obtain a thick reaction zone
convenient for measurements. The inert gases in the fuel and/or oxidizer streams were also
substituted by various amounts of CO, and H,0O to simulate increased concentration of
combustion products in the reaction zone. Experimental measurements consisted of: (1)
temperature profile, (ii) profiles of stable gases, light hydrocarbons (up to benzene) and PAH,
(iii) profiles of laser light scattering, extinction, and fluorescence across the flame, (iv) Laser
induced fluorescence for OH profile measurements, and (v) spatially resolved spectral radiative

emission profiles.

As shown in the figure, is a beam of argon-ion laser operating at 350/514/1090nm. This
beam was modulated by a mechanical chopper and then directed by a collimating lens to the
center of the burmer. This beam was used for classical light scattering and extinction
measurements. A photomultiplier tube and a photodiode were used to detect the scattered and
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transmitted signals respectively. These signals are processed by a lock-in amplifier interfaced
with a microcomputer. The extinction coefficient was experimentally corrected for gas absorption
by subtracting the extinction coefficient of a reference flame. This reference flame is carefully
chosen by slightly reducing the fuel and the oxidizer concentrations such that soot scattering is
reduced to less than 0.5% of the original flame. Emission from soot particles was not observed
from this blue-yellow "scattering limit" flame. Laser-induced broadband fluorescence (LIF)
measurement were made by operating the laser at 350/488nm and detecting the fluorescence
intensity at 514+10nm. This signal was taken proportional to the PAH concentration. In the
subsequent data reduction, the soot aerosol was assumed monodispersed with a complex
cefractive index of 1.57-0.56i. OH measurements were made by using a pulsed UV laser to
excite the molecules and detecting the fluorescence by an ICCD spectrograph. This spectrograph
was also used to make spatially'resolved measurements of radiative emission.

Temperatures were measured by 0.076mm diameter PtUPt-10%Rh thermocouples. The
thermocouples were coated with Si0, to prevent possible catalytic reactions on the platinum
surface. They were traversed across the flame in the direction of decreasing temperature at a rate
fast enough to avoid soot deposition and slow enough to obtain negligible transient corrections.
For radiation corrections, separate experiments were performed to determine the emissivity of the
SiO, coating as a function of temperature. The maximum radiation correction was found to be
150K. The temiperature measurements were repeatable to within +25K. Chemical species
concentrations in the flame were obtained by an uncooled quartz microprobe and a gas
chromatograph. A 70 pm sampling probe was used for most of the analysis except for the
heavily sooting flame where a larger (90 pm) probe was used. This probe was positioned radially
along the streamlines to minimize the flow disturbance. Concentrations of stable gases (H,, CO,,
0,, N,, CH,, CO and H,0), light hydrocarbons (up to C,) and PAH were measured. This data
was reduced via. a model to obtain the production and destruction rates of various species.

4. RESEARCH RESULTS

As discussed above, radiation-induced extinction was investigated in pg using spherical
diffusion flames and the supporting /-g experiments were conducted using counterflow diffusion
flames. The purpose of the supporting /-g experiments was to quantify the detailed thermal,
chemical and sooting structure of low strain rate radiative diffusion flames in the thermochemical
environment encountered under g conditions. The data from /-g experiments was needed for
the development of detailed chemistry transient models for both ug and I-g cases. In this
section, first a theoretical formulation for transient radiative diffusion flames is discussed to show
the relationship between I-g and pg parts of the study. Next, progress on the ug experiments is
described followed by the progress on the /-g experiments. Several papers have been published
during the course of this research. These are presented in the Appendices.

4.1  Transient Radiative Diffusion Flames

Since we are interested in radiative-extinction and the processes that induce it, the theoretical
formulation must be transient. Also, eventually detailed chemistry and transport properties must
be included to better understand the interaction between radiation and chemistry that leads to the
limit phenomenon of radiative extinction. To this end, we are linking the Sandia Chemkin code
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with our transient programs. The steady-state version of the Sandia Chemkin code with detailed
chemistry and transport properties has been successfully implemented (see Appendices). For the
transient problem, however, initially the simplest case with constant pressure ideal gas reactions
& Le=1 is considered. Also, an overall one-step reaction was assumed. This is represented by:
N-2
V. F +v,0 — E v.P; with q°, the standard heat of reaction, given by:
il
N-2
g° =hiM.v, + hoM,v, - E h°Myv, and Q = q°/M;V; is the heat released per unit mass of
i=l
fuel. Within these assumptions, we may write the following governing equations for any
geometrical configuration (spherical or counterflow) [14]. Numerical solution of these equations
for the transient counterflow case is presented in the Appendices.

Mass Conservation: %? +V{p" =0 (1)
. . Y, _- o = 5
Species Conservation: P +pVVY,-V{pDVY) =w, (2)
. oh* S I S _ 0 S /= . -
Energy Conservation: pZ_ + p¥ VR -V(pDVA") =~ h;w,-V«{3,) - Q5 (3
i
Ideal Gas: pT=p_T. 4

Here, the symbols have their usual definitions with p = density, T = temperature, v =
velocity, Y, = mass fraction of species i, h* = sensible enthalpy, w; = mass production or
destruction rate per unit volume of species i and D = diffusion coefficient. The last three terms
in Equ (3) respectively are: the chemical heat release rate due to gas phase combustion, the
radiative heat loss rate per unit volume and the chemical heat released due to soot oxidation. The
above equations, however, are insufficient for our problem because soot volume fraction must
be known as a function of space and time to determine the radiative heat loss. To enable
describing soot in a simple manner [Note: initially, a very simple soot model was considered],

we define the mass fraction of atomic constituents as follows: =2, (Mj\'{/ M)Y,  where M, is the
i

molecular weight of species i, M; is the atomic weight of atom j and v} is the number of atoms
of kind j in specie i. Assuming that the only atomic constituents present in the hydrocarbon
flame are C, H, O & Inert and with Y, = ® = p, {, /p (where: p= soot density & f,= soot

volume fraction), we obtain: &, + &y + o + &, + pfifp =1 . Defining & + & = & and Z;
= E¢/Ye., we obtain Z=[(€ppZ+ p.fJ e} as the conserved scalar for a sooty flame. This yields
the following soot conservation equation:

Soot Conservation: p%?— +p7 V(@) - V{pD (@) =17 -rs = 1, (3)

The corresponding fuel equation becomes:
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. . .
Fuel Conservation:  p—2 +p¥V(Z,)-V{pDV(Z,)] = - 1 (g ) = - M et (6)
at YF«: 4 4 YF,,

The oxygen conservation equation for Z, defined as Zg = £/Y,.. is obtained as:

. Z, ...
Oxygen Conservation: P~ +pVV(Z) -V{pDV(Z)] =0 (7

Under conditions of small soot loading, the soot terms in the energy and the fuel conservation
equations (3) & (6), may be ignored. Thus, Equ.(6) may be considered homogeneous to a good
approximation and becomes similar to Equ. (7). Thus, @ calculated from the soot equation can
be used to determine the radiative heat loss term in the energy equation.

The above formulation requires a description of soot formation (n‘zs"; ) and oxidation (n'zg"; )

terms. To experimentally determine these terms, measurements of soot volume fraction, soot
number density, temperature, velocity and species profiles were needed. These measurements
were not possible under yg conditions. Thus, a supporting /-g experiment that can determine
these terms in an enhanced combustion products environment (simulated ug) was used. The most
convenient /-g experimental configuration is one that simplifies the above PDE’s to ODE’s. One

such flame configuration is the counterflow diffusion flame which was used to determinerfz;".

andn‘z;; . [The counterflow diffusion flame apparatus used for these experiments had the

following additional advantages: (i) Its special construction enabled obtaining strain rates as low
as 6 sec’’. This increases the reactant residence time and yields a thick reaction zone convenient
for determining the detailed thermal, chemical and sooting structure of the diffusion flame. (ii)
The reactants were preheated and the desired mixture with combustion products was created to
match the ug thermochemical environment. (i) The optical and gas chromatographic equipment
was used to make spatially resolved profile measurements of: temperature; stable gases; light
hydrocarbons (up to benzene); PAH; laser light scattering and extinction for soot; laser induced
fluorescence for OH & PAH; and spectral radiative emission. These flame structure
measurements are presented in the Appendices and were used for developing detailed chemistry
models for /-g and ug cases. (iv) Some flames were also established on the fuel side of the
stagnation plane. This enables soot to oxidize as it approaches the reaction zone and makes the

flames very radiative.]

4.2 Progress on ug Experiments
(A spherical diffusion flame supported by a low heat capacity porous gas burner)

Significant progress has been made on both experimental and theoretical parts of the ug
research despite the fact that radiative extinction could not be experimentally proven due to short
pg times. The accomplishments are briefly summarized below and the papers are presented in
the Appendices:
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1. Atreya, A, Agrawal, S., Sacksteder, K., and Baum, H., "Observations of Methane and Ethylene
Diffusion Flames Stabilized around a Blowing Porous Sphere under Microgravity Conditions,”
AIAA paper # 94-0572, 1994. APPENDIX B

2. Pickern, K., Atreya, A., Agrawal, S., and Sacksteder, K., "Radiation from Unsteady Spherical
Diffusion Flames in Microgravity,” AIAA paper # 95-0148, January 1995. APPENDIX C

3. Atreya, A., Agrawal, S., Shamim, T., Pickett, K., Sacksteder, K. R. and Baum, H. R. "Radiant
Extinction of Gaseous Diffusion Flames," 3rd International Microgravity Conference, April,
1995. APPENDIX D

4. Atreya, A., Agrawal, S., Sacksteder, K. R., and Baum, H. R. "Unsteady Gaseous Spherical
Diffusion Flames in Microgravity - Part A: Expansion Rate" being prepared for submission
to Combustion and Flame.

5. Atreya, A., Agrawal, S., Pickett, K., Sacksteder, K. R., and Baum, H. R. "Unsteady Gaseous
Spherical Diffusion Flames in Microgravity - Part B: Radiation, Temperature and Extinction"
being prepared for submission to Combustion and Flame.

The above experimental and theoretical work is briefly described below:

ug Experimental Work: The pg experiments were conducted in the 2.2 sec drop tower at the
NASA Lewis Research Center. A low heat capacity porous spherical burner was used to produce
an aerodynamically stabilized gaseous spherical diffusion flame [It is important to note that such
flames are very difficult to obtain even in pg and considerable time and effort was devoted
toward obtaining these flames]. Several pg experiments under ambient pressure and oxygen
concentration conditions, were performed with methane (less sooty), ethylene (sooty), and
acetylene (very sooty) for flow rates ranging from 4 to 28 cm’s. Two ignition methods were
used for these experiments: (i) The bumer was ignited in /-g with the desired fuel flow rate and
the package was dropped within one second after ignition. This method is suitable only for very
low flow rates. (ii) The burner was ignited in /-g with the lowest possible flow rate (~2.5 cm’/s)
to make a very small flame and create the smallest possible disturbance. The flow was then
switched to the desired flow rate in ug just after the commencement of the drop. However, in
all the experiments with different fuels and flow rates, radiative extinction was not observed. It
appears that longer pg time may be required. The following measurements were made during
the ug experiments:

1. The flame radius was measured from photographs taken by a color CCD camera. Image
processing was used to determine both the flame radius and the relative image intensity.
A typical sequence of photographs is shown in Appendices B & C.

2. The flame radiation was measured by three photodiodes with different spectral
absorptivities. The first photodiode essentially measures the blue & green radiation, the
second photodiode captures the yellow, red & near infra-red radiation, and the third
photodiode is for infra-red radiation from 0.8 to 1.8 um. Results of these measurements
are presented in Appendices C & D.

3. The flame temperature was measured by two S-type thermocouples and the sphere surface
temperature was measured by a K-type thermocouple. In both cases 0.003" diameter wire
was used. The measured temperatures were later corrected for time response and
radiation. The temperature results are also presented in Appendices C & D.
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It was interesting to note that for all fuels (methane, ethylene and acetylene), initially the
flame is blue (non-sooty) but becomes bright yellow (sooty) under ug conditions (see the
progressive flame growth for methane in Appendix B). Later, as the ug ume progresses, the
flame grows in size and becomes orange and less luminous and the soot luminosity seems 10
disappear. A possible explanation for this observed behavior is suggested by the theoretical
calculations of Refs. [7, 24 & Appendix E]. As can be seen from Fig. 6 of Appendix E, the soot
volume fraction first quickly increases and later decreases as the local concentration of
combustion products increases. Essentially, further soot formation is inhibited by the increase
in the local concentration of the combustion products and soot oxidation is enhanced [Refs. 32-
35]. Also, the high temperature reaction zone moves away from the existing soot leaving behind
a relatively cold (non-luminous) soot shell (soot-shell was visible for ethylene flames). Thus, at
the onset of pg conditions, initially a lot of soot is formed in the vicinity of the flame front
resulting in bright yellow emission. As the flame grows, several events reduce the flame
luminosity: (i) The high concentration of combustion products left behind by the flame front
inhibits the formation of new soot and promotes soot oxidation. (ii) The primary reaction zone,
seeking oxygen, moves away from the soot region and the soot is pushed toward cooler regions
by thermophoresis. Both these effects increase the distance between the soot layer and the
reaction zone. (iii) The dilution and radiative heat losses caused by the increase in the
concentration of the combustion products reduces the flame temperature which in turn reduces
the soot formatién rate and the flame luminosity.

It was further observed that, for the same fuel flow rate, methane flames eventually
become blue (non-sooty) in approximately one second, ethylene flames became blue toward the
end of the ug time (i.e. ~2 sec) while acetylene flames remained luminous yellow throughout the
2.2 sec pg time (although the intensity was significantly reduced as seen by the photodiode
measurements in Figure 2). This is because of the higher sooting tendency of acetylene which
enables soot formation to persist for a longer time. Thus, acetylene soot remains closer to the
high temperature reaction zone for a longer time making the average soot temperature higher and
the distance between the soot and the reaction layers smaller. Eventually, as is evident from
Figure 2, even the acetylene flames will become blue in pg. From Figure 2 we note that the
peak infrared, visible and UV radiation intensities occur at about 0.1 sec which almost
corresponds to the location of the first thermocouple whose output is plotted in Figures 3 & 4
as Tgas(l). From the temperature measurements presented in Figures 3 & 4, we note that: (i)
The flame radiation significantly reduces the flame temperature (compare the peaks of the second
thermocouple [Tgas(2)] with those of the first [Tgas(l)] for both ethylene and acetylene) by
approximately 300K for ethylene and 500K for acetylene. (In fact, the acetylene flame seems to
be close to extinction at this instant.) (i) The temperature of the acetylene flame is about 200K
lower than the ethylene flame at the first thermocouple location. (iii) The final gas temperature
is also about 100K lower for the acetylene flame, which is consistent with larger radiative heat
loss. Thus, it seems that a higher fuel flow rate and/or a sootier fuel and/or an enhanced CO,
& H,O atmosphere will radiatively extinguish the flame.

The data from the photodiodes was further reduced to obtain the total soot mass and the
average temperature of the soot layer. This is plotted in Figures 5 & 6. These figures show that
the average acetylene soot shell temperature is higher than the average ethylene soot shell
temperature. The total soot mass produced by acetylene peaks at 0.2 seconds which corresponds
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to the peak of the first thermocouple [Tgas(1)], explaining the large drop in temperature. Also,
the acetylene soot shell is cooling more slowly than the ethylene soot shell which is consistent
with the above discussion regarding the photographic observations. Thus, for ethylene the
reaction layer is moving away faster from the soot layer than for acetylene. This is also
consistent with the fact that ethylene soot mass becomes nearly constant but the acetylene soot
mass reduces due to oxidation. Finally, the rate of increase in the total soot mass (i.e. the soot
production rate) should be related to the sooting tendency of a given fuel. This corresponds to
the slope of the soot mass curves in Figures 5 & 6. Clearly, the slope for acetylene is higher.

Figure 1 shows the measured and calculated flame radius for methane flames plotted
against yg time. Two sets of data are shown: (i) low flow rate flames where the flame was
ignited in /-g and the package was dropped, and (ii) high fuel flow rate flames that were ignited
in ug. This data was obtained both by visually measuring the radius of the outer faint blue flame
region from the photographs, and by using video image processing and defining the radius by a
threshold intensity. The two methods of determining the flame radius were within the
experimental scatter. Since, methane is the least radiative flame, it is expected that a model with
only gas radiation (i.e. without soot radiation) may compare favorably. Model calculations are
also shown in Figure 1 (these will be discussed later). The flame radius measurements show a
substantial change in the growth rate from initially being roughly proportional to t*to eventually

(after radiative heat loss) being proportional to ',

ug Modeling Work: As a first step, it was of interest to see if the transient expansion of ug
spherical diffusion flames could be predicted without including soot and flame radiation and in
the limit of infinite reaction rates. This simple model was very informative and was presented
in Ref.[36] & NASA Technical Memorandum 106766. Thus, our more recent work with a
second order overall finite rate reaction and gas radiation is described here. The gas radiation
model and other reaction rate constants used were identical to those described in Appendix A &
E. Equations (1) through (4) for the 1-D spherical case were numerically solved assuming Le
=] and p?D = constant. Boundary conditions at R = R; were:

at R=R;: T=T_ Y.=1; Y,=0; Y,=0; and Fuel injection rate = M@ =47tR,.2(pv)aR‘

where R, was taken as 0.15 cm, and as R - =: T=T_; ¥z=0; Y;=Yp; Yp=Y,.. Also, initial
spatial distribution of temperature and species based on infinite reaction rate solution was
assumed.

Model calculations for four cases are shown in Figures 7, 8 and 9. The four cases were:
(1) Case 1 - No flame radiation & fuel flow rate = 22 cm’/s of methane; (ii) Case 2 - same as
case | but with gas radiation; (iii) Case 3 - same as case 2 but with increased ambient product
concentration, Y,.= 0.2 instead of zero; (iv) Case 4 - same as case 2 but with a step change in
fuel flow rate from 2 cm’/s until flame radius of 1.3 cm and 22 cm®/s thereafter. Figure 7a
shows several calculated flame radii for different fuel flow rates for both with and without flame
radiation. Clearly, the flame radius increases with the fuel flow rate and decreases substantially
due to gas radiation. Essentially, as the gas inside the spherical flame looses heat via radiation,
its temperature falls and its density increases. Thus, the spherical flame collapses as is evident
from Figures 8 and 9 which are time sequences of gas density and velocity. Figure 9 actually
shows that there is a reversal in the gas velocities near the flame zone due to the collapsing
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spherical flame. However, the net flame radius still increases, albeit slowly. Figure 7b shows
that for Case 3 the flame temperature falls below 1000K within 1 second. Thus, radiative
extinction is possible for certain atmospheres. Also, as seen from Figure 7d, the burning rate per
unit area decreases as the flame expands and radiation contributes to decrease it further.

4.3 Progress on 1-g Experiments
(An axis-symmetric low strain rate counterflow diffusion flame)

Significant progress has been made on both experimental and theoretical parts of the /-g
which may be briefly summarized as follows:

a) Theoretical modeling of zero strain rate transient diffusion flame with radiation (Ref. 7).

* Atreya, A, and Agrawal, §., "Extinction of Moving Diffusion Flames in a Quiescent
Microgravity Environment due to CO/H,0/Soot Radiative Heat Losses,” First ISHMT-
ASME Heat and Mass Transfer Conference, 1994. (Appendix A)

* Atreya, A. and Agrawal, S., "Effect of Radiative Heat Loss on Diffusion Flames in
Quiescent Microgravity Atmosphere," Combustion & Flame, {accepted for publication),
1995. (Appendix E)

b) Theoretical nfodeling of finite strain rate transient counterflow diffusion flame with radiation

(Refs. 24, 25).

* Shamim, T., and Atreya, A., "A Study of the Effects of Flame Radiation on Transient
Extinction of Strained Diffusion Flames," Joint Technical Meeting of Combustion
Institute, paper: 95S-104 pp.553, 1995. Currently being prepared for submission to
Combustion and Flame. (Appendix F)

* Shamim, T., and Atreya, A., "Numerical Simulations of Radiative Extinction of Unsteady
Strained Diffusion Flames,” Symposium on Fire and Combustion Systems, ASME
IMECE, November, 1995. (Appendix G)

* Shamim, T. and Atreya, A. "Dynamic Response of Radiating Flamelets Subject to Variable
Reactant Concentrations,"” Proceedings of the Central Section of the Combustion Institute,
1996. The corresponding paper “Transient Response of a Radiating Flamelet to Changes
in Global Stoichiometric Conditions." is being prepared for submission to Combustion and
Flame. (Appendix L & O)

¢) Experimental work on counterflow diffusion flames to determine the soot formation and

oxidation rates (Refs. 32, 33).

* Armeya, A. and Zhang, C., "Experiments and Correlations of Soot Formation and
Oxidation in Methane Counterflow Diffusion Flames,” submitted to International
Symposium on Combustion, Not accepted, currently being revised for submission to
Combustion and Flame. (Appendix H)

* Zhang, C. and Atreya, A. "Measurements of Soot Volume Fraction Profiles in
Counterflow Diffusion Flames Using a Transient Thermocouple Response Technique,”
Submitted to The Intemnational Symposium on Combustion, Not accepted, currently being
revised for submission to Combustion and Flame. (Appendix I)

* Atreya, A., Zhang, C., Kim, H. K., Shamim, T. and Suh, J. "The Effect of Changes in the
Flame Structure on Formation and Destruction of Soot and NOy in Radiating Diffusion
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Flames," Accepted for publication in the Twenty-Sixth (Intermational) Symposium on
Combustion, 1996. (Appendix J)

* Zhang, C, Atreya, A., Kim, H. K., Suh, J. and Shamim, T, "The Effect of Flame Structure
on Soot Inception, Growth and Oxidation in Counterflow Diffusion Flames," Proceedings
of the Central Section of the Combustion Institute, 1996. (Appendix M)

*  Zhang, C, Atreya, A., Shamim, T, Kim, H. K. and Suh, J., "Measurements of OH, CH, C,
and PAH in Laminar Counterflow Diffusion Flames," Proceedings of the Central Section
of the Combustion Institute, 1996. (Appendix N)

d) Detailed chemistry simulation of the effect of enhanced water vapor concentration on
radiative counterflow diffusion flames.

e Crompton, T. and Atreya, A. "The Effect of Water on Radiative Laminar Hydrocarbon
Diffusion Flames - Part A: Experimental Results," being prepared for submission to
Combustion Science and Technology.

*  Suh, J. and Atreya, A. "The Effect of Water on Radiative Laminar Hydrocarbon Diffusion
Flames - Part B: Theoretical Results," being prepared for submission to Combustion
Science and Technology. Also published in the proceedings of the International
Conference on Fire Research and Engineering, Sept, 1995. ,

o Suh, J. and Atreya, A., "The Effect of Water Vapor on Radiative Counterflow Diffusion
Flames," “Symposium on Fire and Combustion Systems, ASME IMECE, Nov. 1995.

(Appendix K)

Experiments on counterflow diffusion flames were conducted to determine the soot
particle formation and oxidation rates. This geometry was adopted for the ground-based
experiments and modeling because it provides a constant strain rate flow field which is one-
dimensional in temperature and species concentrations. The strain rate is directly related to the
imposed flow velocity and the one-dimensionality of this flame simplifies experimental
measurements and analysis. As noted earlier in Section 4.1, this is the simplest flame for
experimentally determining the RHS of Equ. (5). Two types of counterflow diffusion flames are
being investigated: (1) A low-strain-rate diffusion flame which lies on the oxidizer side of the
stagnation plane. Here, all the soot produced is convected away from the flame toward the
stagnation plane. Thus, soot formation is the dominant process. (2) A low-strain-rate diffusion
flame which lies on the fuel side of the stagnation plane. Here, all the soot produced is
convected into the diffusion flame. This enhances flame radiation as the soot is oxidized. The
second configuration is especially relevant to the ug experiments. The experimental results for
the flame on the oxidizer side of the stagnation plane are described in Ref. [32] and a soot
formation model developed based on these results is being prepared for publication (Ref. [33]).

To theoretically investigate the extinction limits of diffusion flames, first a simple case
of zero strain rate one-dimensional diffusion flame with flame radiation was examined [Ref. 7].
Next strained diffusion flame calculations with flame radiation were conducted. These are
presented in the Appendices. As a first step, constant properties, one-step irreversible reaction
and unity Lewis number were assumed. The equations were numerically integrated to examine
the conditions under which radiation-induced extinction occurs. The soot formation and oxidation
rates were obtained from the counterflow diffusion flame experiments. Surprisingly, calculations
show that extinction occurs due to gas radiation as in the spherical diffusion tlame case.
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ABSTRACT

In this paper we present the results of a theoretical calculaton for radiadon-induced
extinction of a, one-dimensional unsteady diffusion flame in a quiescent microgravity
environment. The model formulation includes both gas and soot radiation. Soot volume fraction
is not a priori assumed, instead it is produced and oxidized according to temperature and species
dependent formation and oxidation rates. Thus, soot volume fraction and the resulting flame
radiation varies with space and time. Three cases are considered (i) a non-radiating flame, (i1)
a scarcely sooty flame, and (iii) a very sooty flame. For a non-radiating flame, the maximum
flame temperature remains constant ¢ 1d it does not extinguish. However, the reaction rate
decreases as t* making the flame "weaker.” For radiating flames, the flame temperature
decreases due to radiative heat loss for both cases resulting in extinction. The decrease in the
reacton rate for radiating flames is also much faster than t*. Surprisingly, gas radiation has a
larger effect on the flame temperature in this configuration. This is because combustion products
accumulate in the high temperature reaction zone. This accumulation of combustion products
also reduces the soot concentration via oxidation by OH radicals. At early times, before a
significant increase in the concentration of combustion products, large amount of soot is formed
and radiation from soot is also very large. However, this radiative heat loss does not cause a
local depression in the temperature profile because it is offset by the heat release due to soot
oxidation. These results are consistent with the experiments and provide considerable insight into
radiative cooling of sooty flames. This work clearly shows that radiative-extinction of diffusion
flames can occur in a microgravity environment.

INTRODUCTION

The absence of buoyancy-induced flows in a microgravity environment and the resulting
increase in the reactant residence time significantly alters the fundamentals of many combustion
processes. Substantial differences between normal gravity and microgravity flames have been
reported during droplet combustion!, flame spread over solids?, candle flames® and others. These
differences are more basic than just in the visible flame shape. Longer residence time and higher



concentration of combustion products create a thermochemical environment which changes the
flame chemistry. Processes such as soot formation and oxidation and ensuing flame radiation,
which are often ignored under normal gravity, become very important and sometimes controlling.
As an example, consider the droplet burning problem. The visible flame shape is spherical under
microgravity versus a teardrop shape under normal gravity. Since most models of droplet
combustion utilize spherical symmetry, excellent agreement with experiments is anticipated.
However, microgravity experiments show that a soot shell is formed between the flame and the
evaporating droplet of a sooty fuel'. This soot shell alters the heat and mass transfer between
the droplet and its flame resulting in significant changes in the burning rate and the propensity
for flame extinction. This change in the nature of the process seems to have occurred because
of two reasons: (i) soot formed could not be swept out of the flame due to the absence of
buoyant flows, and (ii) soot formation was enhanced due to an increase in the residence time.

Recently, some very interesting observations of candle flames under various atmospheres
in microgravity have been rcponcd3 . It was found that for the same atmosphere, the burning rate
per unit wick surface area and the flame temperature were considerably reduced in microgravity
as compared with normal gravity. Also, the flame (spherical in microgravity) was much thicker
and further removed from the wick. It thus appears that the flame becomes "weaker” in
microgravity due.to the absence of buoyancy generated flow which serves to transport the
oxidizer to the combustion zone and remove the hot combustion products from it. The buoyant
flow, which may be characterized by the strain rate, assists the diffusion process to execute these
essental functions for the survival of the flame. Thus, the diffusion flame is "weak" at very low
strain rates and as the strain rate increases the flame is initially "strengthened" and eventually it
may be "blown out.” The computed flammability boundaries* show that such a reversal in
material flammability occurs at strain rates around 5 sec™.

The above experimental observations suggest that flame radiation will substantially
influence diffusion flames under microgravity conditions, particularly the conditions at extinction.
This is because, flame radiation at very low or zero strain rates is enhanced due to: (i) high
concentraton of combuston products in the flame zone which increases the gas radiation, and
(i1) low strain rates provide sufficient residence time for substantial amounts of soot to form
which is usually responsible for most of the radiative heat loss. This radiative heat loss may
extinguish the already "weak" diffusion flame. Thus, the objective of this work is to theoretically
investigate the reason why the diffusion flame becomes "weak" under microgravity conditions
and determine the effect of flame radiation on this "weak" diffusion flame. This will lead to
radiation-induced extinction limits. This work is important for spacecraft fire safety.

THE MODEL PROBLEM

We note that the problem at hand is inherently transient and to study the effect of flame
radiation we must focus on the reaction zone. Also, since the reaction zone is usually thin
compared with other characteristic dimensions of the flame, its basic soucture is essentially
independent of the flame shape. Thus, we consider a simple model problem consisting of an
unsteady one-dimensional diffusion flame (with flame radiation) initiated at the interface of two
quiescent half spaces of fuel and oxidizer at time t=0. Zero gravity, constant properties, one-step



irreversible reaction and unity Lewis number are assumed. A novel feature of the formulation
presented below is that soot volume fraction is not a priori specified to determine the ensuing
flame radiaton. Instead, soot is produced and oxidized according to the temperature and species
concentration dependent formation and oxidation rates. Thus, the soot volume fraction and its
location within the flame evolve as a function of space and time. The soot formation and
oxidation rates used here are obtained from the counterflow diffusion flame experiments and
models of Refs. 5 and 6. A large activation energy asymptotic analysis of this problem without
flame radiation may be found in Ref. 7. A schematic of the physical problem along with the
imposed boundary conditions is presented in Figure 1 and the corresponding equations are:
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. i Figure 1 : Schematic of the Model Problem
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Symbols used in the above equations are defined in the nomenclature. The reaction rate,
Wes 1s modelled by a second order Arrhenius expression. Preexponential factor and the actvaton
energy are chosen for methane undergoing a one-step irreversible reaction F+vo - (1+v) P, wherey
1s the mass-based stoichiometric coefficient. Fuel depleted as a result of soot formation, though
usually small, is also included in the model via the term (- - @y ), which is zero when
negative.



Energy Conservation:

aT+pV§g’= a(%

PoE T PVax T ael K o) * Ooet Qs B i) - VO, 13)

In this equation, the source terms include heat released by the primary reaction and soot
oxidaton and heat lost via flame radiation. The soot oxidation term is clearly zero when
negative. Emission approximation is used to describe the radiative heat flux from the flame.
Thus, V-0, = 40T (a,,+a,,) where, a,, and a,, are Planck mean absorption coefficients for
combustion products (co,, #,0) and soot respectively. Planck mean absorption coefficients for
combustion products were obtained from Ref. 8 and for soot we have useda,,=11.86 £,T cm™
obtained from Ref. 9.

Soot Conservation:
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Here, both production and oxidative destruction of soot are considered, but soot diffusion is
ignored. A simplified equation for the net soot production rate (production - oxidation) is taken
from Refs. 6 & 7. Also, average number density is used to avoid including the soot nucleation
rate equation. The net mass production rate of soot per unit volume is thus described by:
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In this equation, the combined atomic mass fraction of carbon and hydrogen is taken to represent
the hydrocarbon fuel according to €,=£.+£,, where the subscripts F, C & H denote fuel, carbon
and hydrogen respectively. Finally, the boundary conditions, as depicted in Figure 1, are: ¥, =
Yoo T =T, Yp=0at1=0, x>0 &att>0,x 5>ecand Yp =Y., Y, =0, T=T_art =0,
x<0&art>0,x— -oo. '

The incompressible form of the above equations is obtained by using Howarth

x
transformaton z = f de’, where x = 0 defines the location of the material surface that
]

coincides at t = 0 with the original fuel-oxidizer interface. As a result of this choice, v = 0 at
x =0. Assuming p2p=pZp_ and defining the reaction rate as w, = A, p?y,Y,exp (-£,/RT) We
obtain:
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SOLUTION:
Analytical Solution

For infinitely fast gas-phase reactions and no flame radiation a simple, well known,
analytical solution is obtained.

2/D.E

nz——————-%erfc( Z ) (13)

Here, B = Yf - Yo/v and B = Y + C,T/Q, are the Schvab-Zeldovich variables. The flame lies
at the location n,, = 1/(1+v¥,./Y¥,.). Thus, for unity equivalence ratio (E=1) based on free
stream concentrations, the flame lies at z = 0. For non-unity equivalence ratios [fuel rich (E>1)
or fuel lean (E<1) conditions] the flame will travel as vt in either direction. This is evident from
Equ. (13) by simply substituting 1 = nq. The three possible cases are plotted in Fig. 2 for
methane.  The constants used are'’: for 0,=47465 J/gmof fuel, C,=1.3 J/gmX,
T.=295 K, v=4 , p.=1.16x1073 gm/cm® ,and D.=0.226 cm?/sec. The flame conditions are:
(@) Yp=0.5, Ypu=0.125. (b) ¥Yum=0.5, Yo =0.0625. (C) ¥u=0.25, Yn=0.125. Forcas ()
the flame travels towards the fuel side because of excess oxygen (Fig. 2b). Similarly, for case
(c) it travels towards the oxygen side because of excess fuel (Fig. 2c). However, for case (a) the
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equivalence ratio is unity and hence the flame is stationary. It simply becomes thicker with time
(Fig. 2a).

Numerical Solution

The above equations were numerically integrated by using a finite difference Crank-
Nickolson method where previous time step values were used to evaluate the nonlinear reaction
terms. Care was taken to start the diffusion flame with minimum disturbance. Ideally, the
problem must be started such that the two half spaces of fuel and oxidizer, as illustrated in Fig.
1, begin a self-sustaining reaction at t=0. This ignition of the reactants may be spontaneous or
induced by a pilot. For high activation energy, spontaneous ignition will take a long time during
which the reactants will diffuse into one other developing a thick premixed zone which will burn
prior to establishing a diffusion flame. This will change the character of the proposed problem.
Thus, ignition was forced (piloted) by artificially making the fuel-oxidizer interface temperature
as the adiabatic flame temperature. Only Egs. (8-10) were solved during this period. Ignition
was assumed when the reaction rate at the interfacial node becomes maximum (i.e. dw,/dt = 0).
After this instant, the interfacial node was not artificially maintained at the adiabatic flame
temperature because the combustion process becomes self-sustaining and all the equations
described above are used. For the calculations presented below, the time taken to ignite was
4x10° sec. A uniform grid with grid size Az=3x10"3 cm and a time-step of At=1x10"* sec was
used. Typical calculation for 0.4 seconds physical time took 5 hours on a Sun Sparkstation.

To limit the computational domain which extends from +o to -oo, the analytical solution
presented above was used to compute the temperature at the desired final time (0.4 sec in the
present case). The location from the origin where the temperature first becomes equal to ambient
(within machine error) was used to apply boundary conditions at infinity in the numerical
calculations. This was further confirmed by checking the space derivatives (gr/dx ) at these
boundaries during the calculations. Since inital soot volume fraction is zero, the governing
equation (Eq. 12) will produce a trivial solution if explicit or implicit finite difference methods
are used. Thus, for first step, an implicit integral method was used to obtain the soot volume
fraction. At the end of the first time step the soot volume fracton is of the order 108 It is
important to note that Equ. (12) can self-initiate soot formation despite the absence of a soot
nucleation model.

For the calculations presented below, we have used the following data: for gas reactions!?:

pA,=3.56x10° sec™, E;=122KJ/mole. For soot reactions we have used>*® A,=10° gm/cm’sec for
Case 1 and 10’ gm/cm’sec for Case 2, z,=150 xJ/mole, p,=1.86 gm/cm’. We assume that
soot oxidizes to CO releasing heat 0,=9 XxJ/gm of soot.

RESULTS AND DISCUSSION

Results of calculations for three cases are presented here. These are labeled as Cases
0,1&2 in Figure 3. Case 0 is the base case with finite reaction rates but without soot formation
and flame radiation. Case 1 represents a barely sooting flame and Case 2 represents a highly
sooting flame. As noted above, Aj for Case 2 is increased ten times over Case 1. Based on our
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previous work (Refs.5&6), Ap for most hydrocarbon fuels is expected to fall between Cases 1&2.

Let us first consider the overall results. Figure 3 shows that in the absence of external
flow (i.e., zero strain rate) and without soot formation and flame radiation (Case 0), the peak
flame temperature becomes constant while the reaction rate decreases as t* and the reaction zone
thickness increases [note: in Fig.3 the ordinate has been multiplied by t*]. Since the maximum
flame temperature remains constant, extinctdon does not occur. However, for Cases 1 & 2, the
peak flame temperature decreases with time faster than 1" and eventually extinction (as identified
by some pre-defined temperature limit) will occur. This (radiation-induced extinction) is also
evident from Figure 4 where the temperature profiles at different times are plotted for Cases 1
& 2. Clearly, the flame temperature decreases due to flame radiation and the flame thickness
increases because of diffusion.

The net amount of soot formed as a function of space and time is shown in Figure 5. The
seot volume fraction for Case 1 is two orders of magnitude smaller than for Case 2. Physically,
Case 1 represents a barely sooting blue flame and Case 2 represents a fairly sooty blue-yellow-
orange flame. However, despite the differences in the magnitude of the soot volume fraction for
the two cases, it first increases and later decreases with time and its spatial distribution shifts
toward the fuel side for both cases. This decrease in the soot volume fraction occurs because
of two reasons: (i) A reduction in the flame temperature due to radiation reduces the soot
formation rate, and (ii) A buildup in the concentration of CO, and H,O near the high-temperature
reaction zone, increases the OH radical concentration which reduces the formaton of soot
precursors and assists in soot oxidation (see Refs.6 & 7). This increased OH radical
concentration is also responsible for shifting the soot profile toward the fuel side.

The effect of soot formation on flame radiation is shown in Figure 6. Here, radiation
from both combustion products and soot is plotted as a function of space and ume. As expected,
soot radiation for Case 2 is substantally larger than for Case 1 while the gas radiation is
approximately the same [Note: the scales of the two figures are different]. This soot radiation
decreases with time because both the soot volume fraction and the flame temperature decrease.
The effect of soot radiation is to reduce the peak flame temperature by about 100K (see Fig.3)
with the difference diminishing with increasing time. Surprisingly, as seen in Fig. 3, the effect
of gas radiation on the peak flame temperature is much larger and increases with time, becoming
1000K at 0.4 sec. This is because at zero strain rates the combustion products accumnulate in the
high temperature reaction zone. As noted above, these combustion products are also responsible
for the reduction in the soot volume fraction.

Another interesting observation is that despite the large asymmetry introduced by soot
radiation at initial times (Fig. 6), Figure 4 shows that the temperature profiles are essentially
symmetrical. This implies that the heat lost via soot radiation [5th term of Eq. (11)]
approximately equals the heat produced via soot oxidation [4th term of Eq. (11)]. Since both
occur at the same location, a discernible local depression in the temperature profile is not
observed. This fact is experimentally substantiated by our low strain rate counterflow diffusion
flame experiments (Ref. 6 & 7). It is also consistent with the observation that radiation from a
soot particle at these high temperatures will quickly quench the particle unless its temperature
is maintained via some local heat release. In the present case, this heat release is due to soot



oxidation. Thus, a portion of the fuel that is converted into soot oxidizes at a location different
from the main reaction zone and nearly all the heat released during this process is radiated away.
The remaining fuel is oxidized at the main reaction zone resulting in a lower heat release and
hence a reduced peak flame temperature. This is the justification for including the last term in
Eq. (8) and the 4th term in Eq. (11). These terms account for fuel consumption and heat released
due to net soot formation (or oxidation) and provide valuable new insight into the mechanism
of radiative cooling of sooty flames.

The above conclusion is also clear from Figure 7 which shows the spatial distribution of
soot and temperature for Cases 1 & 2 at 0.2 seconds after ignition. Note that while the peak
temperature is about 75K lower for Case 2, the profile is nearly symmetrical about the origin for
both cases despite the sharp & narrow soot peaks on the fuel side. Also note that the magnitude
of the soot peak (soot peak for Case 2 is about two orders of magnitude larger than for Case 1)
had a negligible effect on the symmetry of the temperature profile. Figure 7 is also qualitatively
very similar to our low strain rate counterflow diffusion flame experimental measurements.

Finally, we note that emission approximation was used in the flame radiation formulation.

Since the reaction zone thickness is of the order of a few cenumeters, self-absorption of radiation
may become important and in some cases it may alter the extinction limit.

CONCLUSIONS:

This paper presents the results of a theoretical calculation for radiation-induced extinction
of a one-dimensional unsteady diffusion flame in a quiescent microgravity environment. The
model formulation includes both gas and soot radiation. Soot volume fraction is not a priori
assumed, instead it is produced and oxidized according to temperature and species dependent
formation and oxidation rates. Thus, soot volume fraction and the resulting flame radiation varies
with space and time. Three cases are considered (i) a non-radiating flame, (ii) a scarcely sooty
flame, and (iii) a very sooty flame. For a non-radiating flame, the maximum flame temperature
remains constant and it does not extinguish. However, the reaction rate decreases as t* making
the flame "weaker.” For radiating flames, the flame temperature decreases due to radiative heat
loss for both cases resulting in extinction. The decrease in the reaction rate for radiating flames
is also much faster than t". Surprisingly, gas radiation has a larger effect on the flame
temperature in this configuration. This is because combustion products accumulate in the high
temperature reaction zone. This accumulation of combustion products also reduces the soot
concentration via oxidation by OH radicals. At early times, before a significant increase in the
concentration of combustion products, large amount of soot is formed and radiation from soot
is also very large. However, this radiative heat loss does not cause a local depression in the
temperature profile because it is offset by the heat release due to soot oxidation. These results
are consistent with the experiments and provide considerable insight into radiative cooling of
sooty flames. This work clearly shows that radiative-extinction of diffusion flames can occur in
a microgravity environment. In the present model self-absorption of the radiation was neglected
which in some cases may alter the extinction limits because of relatively thick reaction zone
[O(cms)] . Further work is required.
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NOMENCLATURE

Ra_sl:-‘@:-h-‘mm on >R

N

N X ¥ T 9 9 a0l

Planck mean absorption coefficient
Frequency Factor

Specific heat

Diffusion Coefficient
Activation Energy

Soot volume fraction

Thermal conductivity

Soot surface growth rate

Soot oxidation rate

Atomic weight

Radiative heat flux

Heat of combustion per unit mass
Time

Temperature

Velocity

Reacticn rate

Molecular weight

Distance

Mass fraction

Density distorted coordinate

GREEK

MmO O < A

Thermal diffusivity

Schvab-Zeldovich variable

Mass based stolichiometric coefficient; number of moles
Soot mass fraction

Density

Variable defined in Eq.(7)

Subscripts

g W 0O WQ ™M

Fuel
Gas

Oxygen
Products (H;,0, CO,}

Soot
Free stream
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FIGURE CAPTIONS

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Schematic of the Model Problem

Analytical solution. Temperature distribution as a function of distance for various
equivalence ratios. (a) Equivalence ratio (E) is unity (b) E< 1 (¢) E> L.

Maximum reaction rate and temperature as a function of time. Note that reaction
rate is multiplied with t*,

Numerical solution. Temperature distribution as a function of distance at various
instants. (a) Case 1, less sooty flame, (b) Case 2, very sooty flame.

Soot volume fraction as a function of distance at various instants. (a) Case 1, less
sooty flame, (b) Case 2, very sooty flame.

Radiative Heat Loss as a function of distance at various instants. (a) Case 1, less
sooty flame, (b) Case 2, very sooty flame.

Soot volume fraction and Temperature distribution at t = 0.2 seconds. (a) Case 1,
less sooty flame, (b) Case 2, very sooty flame.

11



-006

-00G1

1006

-00G1

—0001

: ‘ ! ' 1 1 000¢

() FINIVITINAL



(K/\/sec)

ngg\/t/pCp

41405

3E+05

2405

1E+00

0500 -

-2500

-2000 —~

- 1500

-1000

TEMPERATURE (K

—000

0.0

TIME (sec)

Fq 2



TEMPERATURE (K)

2000

1500-

000 -

<000

1000 -

Ignilion
0.0&Zsec
0.10sec
0.20sec
0.30sec

————— ]

/

A
'

(a) CASE1

Ignilion
0.0ksec
0.10sec
0.20sec
0.30sec




)

<7

00T VOLUME FRACTION (f

>

3.5E~—081 --- 0.0Zsec

0.0bsec
‘ i 0.10sec
2.5L-08 0.20sec
----- 0.30sec
15‘3“()8” —— (0.40sec
50L—-09-
3oi-06-|  00%see
--- 0.06sec
- - 0.10sec
2 0—-06- --- 0.20sec
----- 0.30sec
— 0.40sec
1.0E—-06
0.0lL-+-00- ‘

—0.75




OE+00

el NG /_ ‘/ _",_,:_;.;-Jﬂ
1 R\ ) : //,/
—1E-+04 - (a) CASEL TN -7 7{/' — 0.40sec -
\‘\\\ //,// e 0.30sec
Vo :}/ --- 0.20sec
: N —— 0.10sec
—2k+04 - N7 0 06sec
\‘\\\ . ’/’\} -;T = ':’;‘;‘-2;-1;:";3/-—.;;— i
\ )/. N
—25+04 - (b) CASIER \\/\\" ; -
o Il — 0.40sec
—41L+04 - ‘ “\ o 0.30sec -
\ ,' --- 0.20sec
~6I1-04 - by - - 0.10sec _
\\/’ 0.06sec
~8E+04- l | l , 1 —~ O.0zsec
-1.0 -0.5 0.0 0.5
x (cm)




AEQV X
S 1 0 [ - 3
0 | 1 1 | .. _ | | 00+500
005G - M 1
‘ __" -L0-10'G
000T - : 09502 0 -
2AsvD () m
' -90—40 1
00G1T - “
3 | i
AIJ
N — L ! 1 | 1 | 1 - )
= 0002 e 90—1G'1
062 ! —+60—00 G
0SL- | r
[ (o) __._ 09S02°0 |-80—ug'1
01 w
0GLT A L I -80-1G°2




APPENDIX B

Observations of Methane and Ethylene Diffusion Flames
Stabilized Around a Blowing Porous Sphere
under Microgravity Conditions

32nd Aerospace Sciences Meeting (AIAA 94-0572) paper
By

Atreya, A, Agrawal, S., Sacksteder, K., and Baum, H.



.

T

AlAA 94-0572

Observations of Methane and Ethylene
Diffusion Flames Stabilized Around a
Blowing Porous Sphere under
Microgravity Conditions

A. Atreyd and S. Agrawal

Department of Mechanical Engineering
and Applied Mechanics

The University of Michigan

Ann Arbor, M| 48109-2125

K. R. Sacksteder

Microgravity Combustion Research
NASA Lewis Research Center
Cleveland, OH 44135

H. R. Baum
National Institute of Standards and Technology
Gaithersburg, MD 20899

32nd Aerospace Sciences
Meeting & Exhibit
January 10-13, 1994 / Reno, NV

For permission to copy or republish, contact the American institute of Aeronautics and Astronautics
770 L'Enfant Promenade, S.W., Washington, D.C. 20024



OBSERVATIONS OF METHANE AND ETHYLENE DIFFUSION FLAMES STABILIZED
AROUND A BLOWING POROUS SPHERE UNDER MICROGRAVITY CONDITIONS

Arvind Atreya and Sanjay Agrawal
Combustion and Heat Transter Laboratory
Department of Mechanical Engineering and Applied Mechanics
The University of Michigan, Ann Arbor, MI 48109-2125

Kurt R. Sacksteder
Microgravity Combustion Research
NASA Lewis Research Center
Cleveland, OH 44135

Howard R. Baum
National Institute of Standards and Technology
Gaithersburg, MD 20899

Abstract

This paper ’ presents the experimental and
theoretical resuits for expanding methane and ethylene
diffusion flames in microgravity. A small porous sphere
made from a low-density and low-beat-capacity insulating
material was used to uniformiy supply fuel at a constant
rate 10 the expanding diffusion flame. A theoretical
model which includes soot and gas radiation is formulated
but only the problem perwining (o the ransient expansion
of the flame is solved by assuming constant pressure
infinitely fast one-step ideal gas reaction and unity Lewis
number. This is a first step toward quantifying the effect
of soot and gas radiation on these flames. The
theoretically calculated expansion rate is in good
agreement with the experimental results. Both
2xperimental and theoretical results show that as the flame
radius increases, the flame expansion process becomes
diffusion coozolled and the flame radius grows as vt
Theoretical calculations also show that for a constant fuel
mass injection rate a quasi-steady state is developed in the
region surrounded by the flame and the mass flow rate at
any location inside this region equals the mass injection
rate.

I. Introduction

The absence of buoyancy-induced flows in a
microgravity environment and the resuiting increase in the
reactant residence time  significandy alters the
fundamentals of many combustion processes. Substantial
differences between normal gravity and microgravity
flames have besn reported during droplet combustion(1],
flame spread over solids{2.3], candie flames{4] and others.
These differences are more basic than just in the visible
flame shape. Longer residence ume and higher
concentration of combustion products create a

thermochemical environment which changes tbe flame
chemisuy. Processes such as soot formation and
oxidation and ensuing flame radiation. which are often
ignored under normal gravity, become very imporant and
sometimes controlling. As an example, consider the
dropiet burning problem. The visible flame shape is
spherical under microgravity versus a teardrop shape
under normal gravity. Since most models of droplet
combustion utilize spherical symmetry, excelient
agreement with experiments is anticipated. However,
microgravity experiments show that a soot shell is formed
between the flame and the evaporating droplet of a sooty
fuel{1]. This soot shell alters the beat and mass transfer
between the droplet and its flame resulting in significant
changes in the burning rate and the propensity for flame
extinction. This change in the nawre of the process
seems (0 have occurred because of two reasons: (i) The
soot formed couid not be swept out of the flame due 0
the absence of buoyant flows. Instead. it was forced 0 go
through the high temperature reaction zone increasing the
radiative heat losses, and (ii) soot formation was enhanced
due (o an increase in the reactant residence tme.

Recently, some very interesting observations of
candle flames under various atmospheres in microgravity
have besn reported(4]. It was found that for the same
atnosphere, the burning rate per unit wick surface area
and the flame temperamre were considerably reduced in
microgravity as compared with normal gravity. Also. the
flame (spherical in microgravity) was much thicker and
further removed from the wick. It thus appears that the
flame becomes "weaker® in microgravity due o the
absence of buoyancy generated flow which serves ©
transport the oxidizer to the combustion zone and remove
the hot combustion products from it. The buoyant tlow,
which may be characterized by the strain rate, assists the
diffusion process to execute these essendal functions for



the survival of the tlame. Thus. the diffusion flame is
“weak" at very low strain rates and as the strain rate
increases the flame is inidally "swengthened” and
cvenwally it may be "blown-out.” The computed
tflammability boundaries{3] show that such a reversal in
material flammability occurs at strain rates around 5 sec™.
Model calculations tor a zero strain rate /-D diffusion
Name show that even gas radiation is sufficient 10
extinguish the tlame(6].

The above observations suggest that flame
radiaton will substandally influence diffusion tlames
under microgravity conditions, particularly the conditions
atextnction. This 1s because, flame radiation at very low
or zero suain rates is enhanced due to: (i) high
concentration of combustion products in the {lame zone
which increases the gas radiation, and (ii) low strain rates
provide sutticient residence time for substantal amounts
ol soot to torm which is usually responsible tor most ot
the radiadve heat loss. [t is anticipated that this radiative
hicat loss may extinguish the already "week” diffusion
tlame. ‘

To investgate the possibility of radiation-induced
cxtincton limits under microgravity conditions. spherical
geometry is chosen. This is convenient for both
cxperiments and theoretical modeling. In this work, a
porous spherical bumer is used to produce spherical
diffusion flames in pg. Experiments conducted with this
bumer on methane (less sooty) and ethylene (sooty)
diffusion flames are described in the next section. A
yeneral theoredcal model for transient radiative diffusion
tlames is then formulated and calculations are presented
tfor the transient expansion of the sphencal diffusion
flame.  These calculations are compared with the
cxpenmental measurements in the discussion secuon.
This work is the first necessary step toward investigating
radiadve-exunctuon of spherical diffusion flames.

1. Experimental Apparatus and Results

The pg experiments were conducted in the 2.2
sec drop tower at the NASA Lewis Research Center. The
experimental drop-rig used is schematically shown in
Color Plate 1. [t consists of a test chamber. bummer,
igniter, gas cylinder, solenoid valve. camera. computer
and batteries 0 power the computer and the soienoid
valves. The spherical burner (1.9 cm in diameter) is
constructed from a low density and low heat capacity
porous ceramic material. A 130 cc gas cylinder at
approximately 46.5 psig is used to supply the {uel to the
porous spherical bumer. Typical gas flow rates used were
in the range of 3-15 cm’/s. Flow rates to the burner are
controlled by a needle valve and a gas solenoid vaive is
used 0 open and close the gas line to the burner upon

computer command. An igniter s used (o establish a
diffusion tlame. After ignidon the igniter is quickly
retracted from the burner and sccured in a calching
imechanism by a computer-conuolled rotary solenoid.
This was necessary for two rcasons (i) The igniter
provides a heat sink and will quench the tlame (ii) Upon
impact with the ground (after 2.2 sec) the vibraung igniter
tmay damage the porous bumer.

As shown in the Color Plate L. the test chamber
has a 5" diameter Lexan window which enables the
camera (0 photograph the spherical diffusion rlame. The
lame growth can be recorded either by a 16mm color
movie camera or by a color CCD camera which is
connected to a video recorder by a tiber-optic cable
during the drop. Since the fuel flow may change with
time. it had to be calibrated for vanious seuings of the
needle valve for both methane and cthylenc. A soap
hubble ow meter was used to calibrate the tlow tor
various constant gas cylinder pressurcs.  Constant
pressures were obtained by connectng the cylinder to the
main 200 1b gas cylinder using a guick-disconnect. An
in-line pressure transducer was used (0 obtain the yansient
{low rates. Changes in the cylinder pressure during the
experiment along with the pressure-flow rate calibrauon,
provides the transient volumetric flow rates. These are
shown plotted in Figure |.
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Figure [: Yolume flow razes versus time.

In Figure 1. the letters "M”™ and "E" represent
methane and ethylene respectively and the letters "L~
“M"™ and "H" represent low, medium and high flow rates.
Thus, MM implies medium flow rate of methane. Note
that low flow rate for methane is nearly equal to the
medium flow rate of ethylene. For these experiments. the
gas velocity at the burmer wall was between 0.25-1
covsec.

The porous spherical bumer produced a nearly
spherical diffusion flame in microgravity. Some observed



Picture of the microgravity spherical diffusion flame apparatus
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Schematic of the microgravity spherical diffusion flame apparatus
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disturbances are attributed to stow large-scale air mouon

inside the test chamber. Several microgravity experiments
were pertformed  under ambient pressure and  oxygen
concentration condidons for different {low rmtes of
methane and ethylene (as shown in Fig. 1). Methane was
chosen o represent a non-sooty fuel and ethylene was
chosen to represent a moderately sooty tuel. In these
cxperiments, igniton was always initated in 1-g just prnor
to the drop. The package was typically dropped within
one second after ignidon. The primary reason for not
ignitng in pg was the loss of time in heating the igniter
wire and in stabilizing the tlame after the inital ignition
disturbances. Some photographs [rom these experiments
are shown in the Color Plate 2.

The tlame radius measured [rom such
photographs along with the model predictions (o be
discussed later) are shown in Fig. 2. As expected. for the
same tlow rates it was tound that ethylene tlames were
inuch soouer and smaller. [immediately atter dropping the
package, the tlame shape changed from a wardrop shape
(sce Color Plate 2) 16 a spherical shape (although it was
not always completely spherical. probably because of slow
large-scale air moton persisting inside the test chamber).
The photographs shown in the Color Plate 2 are for
medium {low rates of methane and low tlow raees of
cthylene. [or the data presented in Fig. 2, an average
tflame radius detzrmined {rom the photographs was used.
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Figure 2: Flame radius versus lime

[t is interesting o0 note that for both methane and
cthylene (see the progressive flame growth in Color Plate
2), iniualtly and in l-g (e.g. photographs ‘e’ & ') the
tflame is ncarly blue (non-sooty) but becomes bright
yellow (sooty) immediately after the onset ol ug
conditions. Later, as the pg time progresses. the flame
Jrows in size and becomes orange and less Jluminous and
Lthe soot seems to disappear. A possible explanation tor
this observed behavior is suggested by the theoreucal
calculations of Ref. 6. The soot volume fraction first
quickly increases and later decreases as the local
concentration of combustion products increases.
Essentally, further soot {ormation is inhibited by the
increase in the local concentration of the combustion
products [Ref.7.8] and soot oxidation is enhanced. Thus,
at the onset of ug condidons, inivally a lot of soot is
formed in the vicinity of the tlame (ront (the outer faint
blue envelope) resulting in bright yellow emission. As
the (lame grows. several events rcduce the 1lame
luminosity: (i) The soot is pushed oward cooler regions
by thermophoresis. [n fact for sooter fuels this feads ©
the formation of a soot shell. (ii) The high concentration
of combustion products left behind by the flame [ront
inhibits soot formation and promotes soot oxidation. (iii)
The dilution and radiative heat losses caused by the
increase in the coacentration of combustion products
reduces the flame temperature which in wm reduces the
soot formation rate and the flame luminosity.

Figure 2 shows the average measured f(lame
radius for methane and ethyiene pg diffusion flames
plotted against time. This is the radius ot the outer faint
blue region of the flame as measured trom the
photographs. To a good approximation this may be
considered as the flame front location. Thus, as a first
step. it will be interesting and imporant to determine if
the transient expansion of the ug spherical diffusion flame
can be theoreucally predicted without counsidering soot
formation and oxidation kinetics and flame radiation.

111. Mode! Formulation

As noted above, the spherical diffusion flames
are expanding and changing their luminosity with time.
Thus. the general theoretical formulation must be transient
and must include flame radiation. For the simplest case
of constant pressure ideal gas reactions with Le=1, we
may write the following goveming equations for any
geometrical configuration (spherical or countertiow

geometry):

Mass Conservation:

¥ g -0 (h
= A(:20)
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Energy Conservation:

Dah’*P
3

=Y hW,-Qpns -V,

PR -V-(pDVh"

!

Constant Pressure ldeal Gas:
3

pT=p_T_ vur pa’'=const.

Here, the symbols bave their usual definitons
with p = density, T = (emperature, v = velocity, Y; =
mass fraction of species i, h’ = sensible enthalpy, w, =
mass production or destruction rate per unit volume of
species 1 and D = diffusion coetficient. The last three
terms in Equ (2) respectively are: the chemical heat
release rate due to gas phase combustion. chemical heat
reicased due o soot oxidaton and the radiatve heat loss
rate per unit volume. The above equations, however, are
insutticient for our “problem because the sool volume
fraction must be known as a function of space and time
to determine the radiative heat loss. To enable describing
soot volume fraction in a simple manner, we define the
mass (raction of atomic constituents as follows:

é/. =Z: (MI.V/‘: /M;) Y, . where M, is the molecular weight

of species i. M, is the atomic weight of atom j and viis
the number of atoms of kind j in specie i. Assuming that
the only alomic constituents present in the hydrocarbon
flame are C. H. O & Inertand with Y, =P =p, . /p
(where: p,= soot density & f, = soot volume {raction).
we  obtain: C‘C * C.;-{ * C.o - ';/ * p,fv/p = 1 .
Defining & + &, = &r and Ze = & /Ye. and Z, = &,
/Y., we obtain Z=[(9F)F-Zr+p;fv/p] as the
conserved scalar for a sooty flame. This yields the
foliowing soot. fuel and oxidizer conservation equations

in terms of their scalar variables:
Soot Conservation:

pi‘f—m FV(®) -V {pD V()]
ag

)
=g =g = My,
Fuel Conservation:
Pidz{i +pVV(Z,)-V{pDV(Z,)]
1 me, &)

= -__(rr'zi’ M) =T
F- F-

Oxygen Conservation:

Z
pi_".+p\T-V(z‘,)-v-(pDV(zo)1=o (6)
al

Under conditions of small soot loading. the soot
terms in the fuel and energy conservation equauons can
be ignored except when studying radiative extnction.
Thus, Equ (5) may be considered homogeneous to a good
approximation. Also, as a first crude approximation. the
heat lost by flame radiation may be subtracted from the
heat of combustion in the form of a radiatve {raction.
Thus, the energy equation (Equ(2)) can also be made
homogeneous if written in terms of the ol enthalpy (h
= 3, Y, (h? + h)). This approach may be adequate for
calculating the observed expansion rate of the spherical
diffusion tlames. but it is completely inadequate tor
predicting radiative extnction. However. the great
mathemaltical advantage of this approach is that it makes
Lgs. (2. 4. 5. & 6) identical and only one conserved scalar
cquation need be considered. As a tirst siep, it is of
interest (0 see how well the transient expansion ot the py
spherical diffusion tlames be predicted without rigorously
considering soot and gas radiation. This will also help in
quantifying the effect of soot and gas radiation by
comparison with more detailed calculations. Re-writing
the above equations in spherical coordinates. we get

Mass Conservation:

_a.?_*_l_a_(r:p\-') =U (7)
gt r-ar

Fuel Conservation:

2§¢pvi’§-___‘ a(r:pDEE =0 (3)
ol dar r:drk or .

These two equations along with the ideal gas law
at constant pressure, Equ.(3), are sufficient (o describe the
transient growth of non-radiatve spherical diffusion
flames and are expected 10 approximate this growth in the
presence of flame radiation. [t is also assumed that a fast
one-step overall reaction occurs at the flame surface. This

N-2
is represenzd by: v _F + v O — E v, P, with
i=l
q° as the standard beat of reaction and Q = q’/Mgvg the
beat released per unit mass of fuel Clearly,
N-2
hoaMovo - z h‘.°Mivl.- The
i=l

corresponding initial and boundary conditions for a sphere

g° =h M v, +

of radius 'R’ blowing fuel gases at a rate M (1) are
discussed below and illustrated in Figure 3.
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Contnuity, ltuel mass Iracion and cnergy
conservauon at the surtace of the sphere vield:

M(!) ( (9a)
=pV
4mR? P )"
MOy _y yoopp) o o
411:R:{ Yl =P “or 2
A , o

M0 h2-)=-pD _a_h_\| o
4R or L,

Here, Ye_ & b’_ are the fuel mass fracton and enthalpy
of the incoming fuel stream and Y and h'y are the
corresponding values at the outer surface of the sphere.
The ambient values of fuel and oxidizer enthalpies are

taken 0 be equal i.e. h_ = he. = h,_ and Z=1 &
p=p, for ambient conditions on the fuel side and Z=0 &
p=p, for ambient conditions on the oxidizer side. Now,
for high fuel injection rates, Yo = Yg ; b'_ = b’y and
Z, = | and the corresponding diffusion terms in Equs. 9b
& 9c become zero. For a given mass injection rate |
M (1) ], these conditions are also satisfied as R—+0. Thus,
for a point fuel source, the boundary conditions atl the
source are simplified.  Other initial and boundary
conditions are: At t=0, Z(r,0); p(r.0) & v(r.0) are the
spatial distributions corresponding to the flame at t=0, as
shown in Figure 3. Also, at the flame surface [r=r{1)]

Z=Z =(1+Y, M,V /Y, M. v,)" andas o=,

~)

Z—-0; v—0 & b*—h’.. All other variables can be easily
obtained in terms of Z by utlizing the linear relationships
between the conserved scalars [Ref.10]. For constant
pressure ideal gas rcacuons these linear reladonships
vield:

ForR<sr<r (1)

-1
P (10)

h2(1-2)

M) _ D ap
drrp, p or

M) QZ,( v @Dy
mrp, nl| B}

These cquations. along with Equ. (8). arc
sufficient to provide all the distributions in the rcgion
between the porous sphere and the tlame. In Equ. (11).
the first term on the right hand side represents the
injection velocity and the sccond term accounts {or the
increase in the velocity due to the decrease in density.
The third term is identically zero if the distnibution of Y,
within the porous sphere (r<R) is identical to that in the
gasie. ¥ =V, (Z-Z)/(1-Z) . Noeat=R Y,
= Y and Z = Z;. Also note that the third term becomes
zeto for high injection velocities and small 'R’ since
Zy—1 & Y- Y. InEqu (11), p and (dp / dr) can
be expressed entirely in terms of Z through Equ. (10).
Thus. Equ. (8) along with the appropriate boundary
conditons is sufficient to determine Z(r,0).

Al the flame surface r=r/t):

Al the flame surface, the 7' = Z*' = Z, and all
its derivatives are continuous. Here, '-' represents the
fuel side and '+’ represents the air side. Also, T(r,”, t) =
T@r, 0 =T,. p(r, 0 = p{r;, ) = p,and v(r,", 1) = v(r,,
t) = v, Other jump conditions at the flame surface are
obuained from species and energy balances as follows
(assuming Le =/ & D =D, ):

)
oY, _ [ M| 9, (12)
“or vh My, || or n

G I L B oY, (13)
o o, Lo L, or .,

In terms of Z. both Equs. (12) & (13) are
identically satisfied if the first derivatives of Z are equal
at the flame surface. Thus, for the solution of Equ. (8) in



——

the domain r > r,. we only need to find expressions tor p
and v in terms of Z.

Forr,(t) <r <ee:

QY. (14)

p =p,l+

rz
4

In the derivadon of Equ. (15), gas velocity and
density at the flame front are made continuous i.e. v{r,",
U= V(fr'. ) = v and p(r{" )= p(r{'_ 1) = Pe- Thus, Ve in
Equ. (15) can be obtained from Egu. (11). Once again,
the third term inside the bracket of Equ (15) becomes
zero for reasons discussed above. Egus. (14). (15) and
(8) along with the boundary conditions are sufficient to
determine Z(r.t) for r>r,.

[V Soludon

Before discussing the solution procedure, let us
examine the porous sphere used in the experiments. This
sphere is quite small (19 mm dia.) and is comstructed
from a high porosity, low density and low heat capacity
insulating material. Thus. its capacity to store heal and
mass is negligible compared to the fuel injection rate
which is injected inside the sphere (see Fig. 3). Hence,
couditions inside the material of the sphere equilibrate on
a time scale much shorter than the flame expansion time
i.e. convection balances diffusion for any variable under
consideration that can be described by an equation similar
to Equ. (8). Neglecting radiation from the surface of the
sphere, conservation conditions yieid equations identical
to Equs. 9(a) and 9(b) where ambient coaditions are
assumed (o exist near the ceanter of the sphere.
Physically, the only purpose the porous sphere serves is
to provide a radially uniform flow and it does not
participate in energy and species balances because of its
low siorage capacity, Thus, the boundary conditions at
the source can be applied at an arbitrarily small radius 'R’
(chosen for numerical convenience) such that Y. =
Yer: b, = b'g and Z; = |. This considerably simplifies
Egs. (11) & (15).

Equation (8), with Egs. (10) & (11) for the {uel
stde and Egs. (14) & (I5) for the air side were
numerically solved using the method of lines. A
computer package entided DSS2 was employed for this
purpose. The calculated results for the tlame location are
shown plotied by dotted lines in Fig. 2. Property values
used were thosz for air (p,=1.16 x 10” gm/cm,. D, =
0.226 cm’/s. T. =298K. Cp =i.35 J/kgK) and the
diffusion coefficient was assumed to vary as T*? as
predicted by kinetic theory of gases. Heat of combustion
(Q) and mass based stoichiometric coetficient (v) used
for methane and ethylene were Q=47465 J/gm and v=4
and Q=47465 l/gm and v=3.429 respecuvely. No
assumpuons other than those stated above were made to
maitch the experimental data. [nigal spadal distribution of
Z(r.0) required {or the flame at the start of ug ume (i.c. at
1=0) was taken as:

-Ryerfc M(Z
200y = ere] LZRVETE 2D (16)
lr/-R)

V Results and Discussion

Figure 2 shows the average radius of the outer
faint bluc regions for both methane and ethylene pg
diffusion flames plotted against ime. This radius was
measured from the photographs. As stated above. the
corresponding calculated results for the flame location are
shown plooed with doued lines. Given the
approximations made in the modsl and the experimental
errors, the comparison between the experimentl and
predicted flame radius is quile encouraging.

Numerical calculations also  yield the
instantaneous velocity and density profiles around the
porous sphere during the flame expansion. These are
shown plotted in Figures 4 & 5. Staring from the porous

Wethane L=0.23anc

Fuel Flow Rate Llcm3/e

L= . 800uq
el 765000

LI

v (em/sec)

r {cm)
Figure 4: Radial velocity distribution at various instants



sphere (r=0.95), the gas velocity drops sharply and
becomes a minimum at the flame location (r=r).
Surprisingly, the mass tlow rate at any location r < r, is
tound to be equal w0 the mass injection rate (i.c.

in p'vr: ._.M([) ). This implies that a similarity exists in
the normalized coordinate r/r{t) in the region r < r{t).

The density profiles in this region (Fig. 3) also show a
similarity. Further retlection shows that this is o be

1.22-03 T T : —
8 P (=0 Wesc
\=0.250ea i
1.QT-03+4 1=0.40es o
t=0.750ma |
t=1.0Ceec |
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2.0E-04 : Uethana
! ey Fuel flow Rate Llcm3/s 1
| Tlama {ocation !
2.0E+00+ > T T T *
2 2 4 ] 8 10

i r (em)

Figure 3: Radial density distribution at various instants

expected. In this problem. a constant temperature
(adiabatic flame (emperature) spherical flame is
propagating outward starting from a small radius. [n the
spherical geomeury, heat loss {rom the region surroundad
by the flame is not possible. Thus, the only heat required
by this region from the flame (in the absence of radiation)

is 0 heat the injected mass M(t) to the flame

temperature.  Since, the injected mass is taken 0 be
constant with time. a quasi steady state is developed.
This is also observed in the density gradients at the tlame
on the fuel side (which are constant and are proporuonal
(0 the temperature gradients). Applying a sitmple energy
balance over the region r < r,, we obtain:

M D (dp v
- = (17)
47rr,:p° p/(??l !

M(1)
dmr; o

Using Equ. (11) we find that at the flame
v, = M)/ 4= P,f[' [t is impornant (o note that this

is possible only because the injection rate is not varying
with time.

VI Conclusions

In this work, experimental and theoretical results
for expanding methane and ethylene diffusion flames in
microgravity are presented. A small porous spiere made
from a low-density and low-beat-capacity insulating
material was used to uniformly supply fuel at a constant

rate to the expanding diffusion flame. A theoretical
model which includes soot and gas radiaton is formulated
but only the problem peraining to the transient expansion
of the tlame is solved by assuming constant pressure
infinitely fast one-step ideal gas reaction and unity Lewis
number. This is a first step toward quanufying the effect
of soot and gas radiation on these tlames. The
theoretically calculated expansion rate is in good
agreement with the experimental results. Both
experimental and theoretical results show that as the flame
radius increases, the flame expansion process becomes
diffusion controlled and the flame radius grows as V.
Theoretical calculations also show that for a constant fuel
mass injection rate a quasi-steady state is developed in the
region surrounded by the flame and the mass flow rate at
any location inside this region equals the mass injection
rate.
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Abstract

This paper presents the experimental results
of flame temperature and radiation for expanding
spherical diffusion flames in microgravity. A small
porous sphere madé from a low-density and low-
heat-capacity insulating material was used to
uniformly supply fuel, at a nearly constant rate, to
the expanding spherical diffusion flame. Three
gaseous fuels methane, ethylene and acetylene were
used with fuel flow rates ranging from 12 to 28
ml/sec. Time histories of the radius of the spherical
diffusion flame, its temperature and the radiation
emitted by it were measured. The objective is (o
quantify the effect of soot and gas radiation on these
diffusion flames. The experimental results show that
as the flame radius increases, the flame expansion
process becomes diffusion controlled and the flame
radius grows roughly as Y. While previous
theoretical calculations for non-radiative flames show
that for a constant fuel mass injection rate a quasi-
steady state is developed inside the region
surrounded by the flame, current experimental results
show a substantial reduction in the temperature and
flame luminosity with time.

I. Introduction

The absence of buoyancy-induced flows in
a microgravity environment and the resulting
increase in the reactant residence time significantly
alters the fundamentals of many combustion
processes. Substantial differences between normal
gravity and microgravity flames have been reported
during droplet combustion(l}], flame spread over
solids{2,3], candle flames{4] and others. These
differences are more basic than just in the visible

flame shape. Longer residence time and higher
concentration of combustion products create a
thermochemical environment which changes the
flame chemistry. Processes such as soot formation
and oxidation and ensuing flame radiation, which are
often ignored under normal gravity, become very
important and sometimes conwolling. As an
example, consider the droplet burning problem. The
visible flame shape is spherical under microgravity
versus a teardrop shape under normal gravity. Since
most models of droplet combustion utilize spherical
symmetry, excellent agreement with experiments is
anticipated. However, microgravity experiments
show that a soot shell is formed between the flame
and the evaporating droplet of a sooty fuel(1]. This
soot shell alters the heat and mass transfer between
the droplet and its flame resulting in significant
changes in the burning rate and the propensity for
flame extinction. This change in the nature of the
process seems to have occurred because of two
reasons: (i) The soot formed could not be swept out
of the flame due to the absence of buoyant flows.
Instead, it was forced to go through the high
temperature reaction zone increasing the radiative
heat losses, and (ii) soot formation was enhanced
due to an increase in the reactant residence time.

Recently, some very interesting observations
of candle flames under various atmospheres in
microgravity have been reported(4]. It was found
that for the same atmosphere, the burning rate per
unit wick surface area and the flame temperature
were considerably reduced in microgravity as
compared with normal gravity. Also, the flame
(spherical in microgravity) was much thicker and
further removed from the wick. It thus appears that
the flame becomes "weaker" in microgravity due to



the absence of buoyancy generated flow which
serves to transport the oxidizer to the combustion
zone and remove the hot combustion products from
it. The buoyant flow, which may be characterized
by the strain rate, assists the diffusion process to
execute these essential functions for the survival of
the flame. Thus, the diffusion flame is "weak" at
very low strain rates and as the strain rate increases
the flame is initially "strengthened” and eventually
it may be "blown-out.” The computed flammability
boundaries[5] show that such a reversal in material
flammability occurs at strain rtates around 5 sec,
Model calculations for a zero strain rate /-D
diffusion flame show that even gas radiation is
sufficient to extinguish the flame[6].

The above observations suggest that flame
radiation will substantially influence diffusion flames
under microgravity conditions, particularly the
conditions at extinction. This is because, flame
radiation at very low or zero strain rates is enhanced
due to: (i) high concentration of combustion
products in the flame zone which increases the gas
radiation, and (ii) low strain rates provide sufficient
residence time for substantial amounts of soot to
form which is usually responsible for most of the
radiative heat loss. [t is anticipated that this
radiative heat loss may extinguish the already
"week" diffusion flame.

To investigate the possibility of radiation-
induced extinction limits under microgravity
conditions, spherical geometry is chosen. This is
convenient for both experiments and theoretical
modeling. In this work, a porous spherical burner is
used to produce spherical diffusion flames in ug.
Experiments conducted with this burner on methane
(less sooty), ethylene (sooty), and acetylene (very
sooty) diffusion flames are described in the next
section. This work is a continuation of the work
reported in Ref. [11] and provides the necessary
insight and measurements needed for modeling
radiative-extinction of spherical diffusion flames.

II. Experimental Apparatus and Resuits

The pg experiments were conducted in the
2.2 sec drop tower at the NASA Lewis Research
Center. The experimental drop-rig used is
schematically shown in Figure 1. It consists of a
test chamber, burner, igniter, gas cylinder, solenoid

valve, camera, computer and batteries to power the
computer and the solenoid valves. The spherical
burner (2.18 cm in diameter) is constructed from a
low density and low heat capacity porous Ceramic
material. A 500 cc gas cylinder at approximately 15
psig is used to supply the fuel to the porous
spherical burner. Typical gas flow rates used were
in the range of 12 -28 cm’s. Flow rates to the
burner are controlled by a needle valve and a gas
solenoid valve is used to open and close the gas line
to the burner upon computer command. An igniter
is used to establish a diffusion flame. After ignition
the igniter is quickly retracted from the burner and
secured in a catching mechanism by a computer-
controlled rotary solenoid. This was necessary for
two reasons (i) The igniter provides a heat sink and
will quench the flame (ii) Upon impact with the
ground (after 2.2 sec) the vibrating igniter may
damage the porous burner.

As shown in the Figure 1, the test chamber
has a 5" diameter Lexan window which enables the
camera to photograph the spherical diffusion flame.
The flame growth can be recorded either by a 16mm
color movie camera or by a color CCD camera
which is connected to a video recorder by a fiber-
optic cable during the drop. Since the fuel flow may
change with time, it had to be calibrated for various
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Medium 23.5 20.5
Low 18.9 17.2
ETHYLENE
High 21.2 18.2
Medium 16.9 14.9
Low 13.5 11.9
ACETYLENE
High 20.2 18.7
Medium 18.0 17.0
Low 16.3 15.7




Alumiaum Frame

o |
Cylindrical Test Chamber Tarletale E:I:;?I
Thermocouples SBC
[_J Data Acquisition System
DO, CACAC SIS LI I SRS
Porous
Photocells Ceramud Type S| Obscrvanon Foam
with circuig  BU™er / Window
u Camena
Hot- l S q "
l:\-:‘ Type K Metening wis
Roary {
Saleand ? l. CH, Gas

SPIIISPILID I AIOIIL AN

-

| e ——
Sulenid |1 as Lines
VaimdN " Signal Conditioning
L TSNS TN

-

Bantery Bantery

Figure 1 Schematic of Experimental Drop-rig

s T r
ol
a & °
p a *
ERE g 4
A 8
n 8
3
5 4 A
27 o
E a
5. 24 o 4
Qa & Hud
Wethane T Medium
. O Low
90 a2z 04 06 08 10 L2 14 18
Time (sec)
Fig 2(a) Methane Flame
8
— 34 s & B4
= . 8 > 8
3 g a ° o
n 4 < a o] 2
s 4 a @ 1
5 #% °
2
E 34 i
s -4
&=
2 4
L Ao Hgh
o Ethyleae O Wedtum
t QO low
0 t 2
Time (sec)

Fig 2(b) Flame radius as a

Ethylene Flame

function of time; Fig 3:

L] T
—_ 51 ‘A: E-
£ a
3] Q a o o
~ a S a o
” - -3 o _
3 93 s
2 3
g e
- ]
E Q
- -]
fe 24 .
S A Hub
?Acety&enﬁ O Wedium
1 O Llow
a t 2
Time (sec)
Fig 2(c) Acetylene Flame
0.84 : T r T r T —
0.6 i
{ '
> 041 <
0.24 xl . B
.. A Detactor !
O Deteator 2
O Dwteator 3
0.0 T T T T T T T T T
0.10 0.30 0.50 0.70 0.0 1.10 1.30 1.50 1.70 1.80

Wavelength (um)

Calibration curves for photodiodes




settings of the needle valve for all fuels. A soap
bubble flow meter was used to calibrate the flow for
various constant gas cylinder pressures. Constant
pressures were obtained by connecting the cylinder
to the main 200 lb gas cylinder using a quick-
disconnect. An in-line pressure transducer was used
to obtain the transient flow rates. Changes in the
cylinder pressure during the experiments change the
volumetric fuel flow rates slightly. These are shown
in Table 1 for the experiments reported here.

The porous spherical burner produced a
nearly spherical diffusion flame in microgravity.
Some observed disturbances are aitributed to slow
large-scale air motion inside the test chamber and
non-uniform fuel injection from the burner. Several
microgravity experiments were performed under
ambient pressure and oxygen concentration
conditions for different flow rates of methane,
ethylene and acetylene (as listed in Table. 1).
Methane was chosén to represent a non-sooty fuel,
ethylene was chosen to represent a moderately sooty
fuel and acetylene was chosen to represent a very
sooty fuel. In these experiments, ignition of a very
low flow rate of H, was initiated inl-g and the flow
was switched to the desired flow rate of the given
fuel in pg just after the commencement of the drop.
The package was typically dropped within one
second after the establishment of the H, flame.
Photographs of these experiments are shown in the
Color Plates 1.2 & 3.

The flame radius measured from these
photographs are shown in Fig. 2. For the same flow
rates it was found that ethylene and acetylene flames
were much sootier and smaller. The flame shape is
not always completely spherical because of the fuel
injection non-uniformities and slow large-scale air
motion persisting inside the test chamber. The
photographs shown in the Color Plates 1, 2 & 3 are
for methane, ethylene and acetylene respectively. For
the data presented in Fig. 2, an average flame radius
determined from the photographs was used.

It is interesting to note that for all the fuels
(see the progressive flame growth in the Color
Plates) initially the flame is nearly blue (non-sooty)
but becomes bright yellow (sooty) under pug
conditions. Later, as the pg time progresses, the
flame grows in size and becomes orange and less
luminous and the soot seems to disappear. (A soot-
shell is also visible in the ethylene photographs.) A

possible explanation for this observed behavior is
suggested by the theoretical calculations of Ref. 6.
The soot volume fraction first quickly increases and
later decreases as the local concentration of
combustion products increases. Essentially, further
soot formadon is inhibited by the increase in the
local concentration of the combustion products
[Ref.7,8] and soot oxidation is enhanced. Thus, at
the onset of pug conditions, initially a lot of soot is
formed in the vicinity of the flame front (the outer
faint blue envelope) resulting in bright yellow
emission. As the flame grows, several events reduce
the flame luminosity: (i) The soot is pushed toward
cooler regions by thermophoresis. In fact, for
sootier fuels this leads to the formation of a soot
shell. (ii) The high concentration of combustion
products left behind by the flame front inhibits soot
formation and promotes soot oxidation. (iii) The
dilution and radiative heat losses caused by the
increase in the concentration of combustion products
reduces the flame temperature which in turn reduces
the soot formation rate and the flame luminosity.
This effect is clearly evident from the incident
radiation measured by the three photodiodes and
shown in Figures 5, 7 & 8. The photodiodes are not
spectrally flat. As shown in Figure 3, detector |
essentially measures the blue & green radiation,
detector 2 primarily captures the yellow, red & near
infra-red radiation, and detector 3 is for infra-red
radiation up to 1.8 um.

Our previous calculadons [11] for non-
radiating spherical diffusion flames (schematically
shown in Figure 10), show that the temperature and
therefore the density becomes nearly uniform inside
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Figure 10: Schematic of the Model Problem
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() () () (a)
PLATI 2 - Lithylene Flames: (a) 0.033 sce alter microgravity onset, (b) 0.067 sec. (¢) 0.133 see, (d) 0.33 see, (e) 1O7 see, (1) 1.20
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(d) {c) (h) (a1)
PLATI 3 - Acetylene Flames: (a) 0.033 sec after microgravity onset, (b) 0.067 sec, (¢) 0.10 sec. (d) 0.20 see, () 037 see, (1) 0.50
see, (g) 1.90 sec, and (h) 2.13 sce. (High Now rate)
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the flame. The density profiles in this region (Fig.
11) also show a similarity. In the theoretical
problem, a constant temperature (adiabatic flame
temperature) spherical flame is propagating outward
starting from a small radius. In the spherical
geometry, heat loss from the region surrounded by
the flame is not possible. Thus, the only heat
required by this region from the flame (in the
absence of radiation) is to heat the injected mass to
the flame temperature. Since, the injected mass is
taken to be constant with time, a quasi steady state
is developed. This is also observed in the density
gradients at the flame on the fuel side (which are
constant and are proportional to the temperature
gradients). However, the experimentally measured
temperature profiles (see Figures 4, 6 & 8) show a
substantial drop in the temperature profile. This is
due to radiative heat loss.

VY1 Conclusions

In this work, experimental results for
expanding methane, ethylene and acetylene diffusion
flames in microgravity are presented. A small
porous sphere made from a low-density and low-
heat-capacity insulating "material was used to
uniformly supply fuel at a constant rate to the
expanding diffusion flame. Three gaseous fuels
methane, ethylene and acetylene were used. Time
histories of the radius of the spherical diffusion
flame, its temperature and the radiation emitted by
it were measured. The experimental results show
that as the flame radius increases, the flame
expansion process becomes diffusion controlled and

the flame radius grows roughly as Yt While
previous theoretical calculations for non-radiative
flames show that for a constant tuel mass injection
rate a quasi-steady state is developed inside the
region surrounded by the flame, current experimental
results show a substantial reduction in the
temperature and flame luminosity with time.
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INTRODUCTION

The absence of buoyancy-induced flows in microgravity significantly alters the fundamentals of
many combustion processes. Substantial differences between normal-gravity and microgravity flames have
been reported during droplet combustion[1], flame spread over solids[2,3], candle flames[4] and others.
These differences are more basic than just in the visible flame shape. Longer residence time and higher
concentration of combustion products create a thermochemical environment which changes the flame
chemistry. Processes such as flame radiation, that are often ignored under normal gravity, become very
important and sometimes even controlling. This is particularly true for conditions at extinction of a ug
diffusion flame.

Under normal-gravity, the buoyant flow, which may be characterized by the strain rate, assists the
diffusion process to transport the fuel & oxidizer to the combustion zone and remove the hot combustion
products from it. These are essential functions for the survival of the flame which needs fuel & oxidizer.
Thus, as the strain rate is increased, the diffusion flame which is "weak" (reduced buming rate per unit
flame area) at low strain rates is initially "strengthened” and eventually it may be "blown-out." Most of
the previous research on diffusion flame extinction has been conducted at the high strain rate "blow-off™
limit. The literature substantially lacks information on low strain rate, radiation-induced, extinction of
diffusion flames. At the low strain rates encountered in ug, flame radiation is enhanced due to: (i) build-up
of combustion products in the flame zone which increases the gas radiation, and (ii) low strain rates
provide sufficient residence time for substantial amounts of soot to form which further increases the flame
radiation. It is expected that this radiative heat loss will extinguish the already "weak" diffusion flame
under certain conditions. Identifying these conditions (ambient atmosphere, fuel flow rate, fuel type, etc.)
is important for spacecraft fire safety. Thus, the objective of this research is to experimentally and
theoretically investigate the radiation-induced extinction of diffusion flames in pg and determine the effect
of flame radiation on the "weak" pg diffusion flame.

RESEARCH APPROACH

To investigate radiation-induced extinction, spherical and counterflow geometries are chosen for
ug & I-g respectively for the following reasons: Under ug conditions, a spherical bumner is used to



produce a spherical diffusion flame. This forces the combustion products (including soot which is formed
on the fuel side of the diffusion flame) into the high temperature reaction zone and may cause radiative-
extinction under suitable conditions. Under normal-gravity conditions, however, the buoyancy-induced
flow field around the spherical burner is complex and unsuitable for studying flame extinction. Thus, a
one-dimensional counterflow diffusion flame is chosen for /-g experiments and modeling. At low strain
rates, with the diffusion flame on the fuel side of the stagnation plane, conditions similar to the ug case
are created -- the soot is again forced through the high temperature reaction zone. The /-g experiments
are primarily used to determine the rates of formation and oxidation of soot in the thermochemical
environment present under ug conditions. These rates are necessary for modeling purposes. Transient
numerical models for both ug and I-g cases are being developed to provide a theoretical basis for the
experiments. These models include soot formation and oxidation and flame radiation and will help
quantify the low-strain-rate radiation-affected diffusion flame extinction limits.

RESULTS

Significant progress has been made on both experimental and theoretical parts of this research. This
may be summarized as follows: '

1) Experimental and theoretical work on determining the expansion rate of the ug spherical diffusion
flame. Preliminary results were presented at the AIAA conference (Ref. 5).

2) Theoretica] modeling of zero strain rate transient diffusion flame with radiation (Ref. 6)."

3) Experimental and theoretical work for determining the radiation from the ug spherical diffusion
flame. Preliminary results were presented at the AIAA conference (Ref. 7).

4) Theoretical modeling of finite strain rate transient counterflow diffusion flame with radiation (Ref
8).

5) Experimental work on counterflow diffusion flames to determine the soot formation and oxidation

rates (Ref. 9).
The above experimental and theoretical work is briefly summarized in the remainder of this section.

Experimental Work: The ug experiments were conducted in the 2.2 sec drop tower at the NASA Lewis
Research Center and the counterflow diffusion flame experiments (not described here) were performed at
UM. For the g experiments, a porous spherical bumner was used to produce nearly spherical diffusion
flames. Several experiments, under ambient pressure and oxygen concentration conditions, were performed
with methane (less sooty), ethylene (sooty), and acetylene (very sooty) for flow rates ranging from 4 to
28 cm’/s. These fuel flow rates were set by a needle valve and a solenoid valve was used to open and
close the gas line to the burmer upon computer command. Two ignition methods were used for these
experiments: (i) The burner was ignited in /-g with the desired fuel flow rate and the package was
dropped within one second after ignition. (ii) The burner was ignited in /-g with a very low flow rate of
H, and the flow was switched to the desired flow rate of the given fuel in ug just after the commencement
of the drop. Following measurements were made during the pg experiments:

i) The flame radius was measured from photographs taken by a color CCD camera. Image
processing was used to determine both the flame radius and the relative image intensity. Sample
photographs are shown in Photos El to E3 for ethylene and Al to A3 for acetylene.

ii) The flame radiation was measured by the three photodiodes with different spectral absorptivities.
The first photodiode essentially measures the blue & green radiation, the second photodiode
captures the yellow, red & near infra-red radiation, and the third photodiode is for infra-red
radiation from 0.8 to 1.8 ym.

iii) The flame temperature was measured by two S-type thermocouples and the sphere surface
temperature was measured by a K-type thermocouple. In both cases 0.003" diameter wire was
used. The measured temperatures were later corrected for time response and radiation.



It is interesting to note that for both ethylene and acetylene (see the progressive flame growth in the
Color Photos) initially the flame is blue (non-sooty) but becomes bright yellow (sooty) under ug
conditions. Later, as the ug time progresses, the flame grows in size and becomes orange and less
luminous and the soot luminosity seems to disappear. A possible explanation for this observed behavior
is suggested by the theoretical calculations of Ref. 6 & 8. The soot volume fraction first quickly increases
and later decreases as the local concentration of combustion products increases. Essentially, further soot
formation is inhibited by the increase in the local concentration of the combustion products and soot
oxidation is enhanced [Ref.9,10]. Also, the high temperature reaction zone moves away from the already
present soot leaving behind a relatively cold (non-luminous) soot shell. (A soot-shell is clearly visible in
the ethylene Photo E2.) Thus, at the onset of pg conditions, initially a lot of soot is formed in the vicinity
of the flame front (the outer faint blue envelope in the photographs) resulting in bright yellow emission.
As the flame grows, several events reduce the flame luminosity: (i) The high concentration of combustion
products left behind by the flame front inhibits the formation of new soot and promotes soot oxidation.
(ii) The primary reaction zone, seeking oxygen, moves away from the soot region and the soot is pushed
toward cooler regions by thermophoresis. Both these effects increase the distance between the soot layer
and the reaction zone. (iii) The dilution and radiative heat losses caused by the increase in the
concentration of the combustion products reduces the flame temperature which in turn reduces the soot
formation rate and the flame luminosity.

Upon further opservation, we note that the ethylene flames become blue toward the end of the pg time
while the acetylene flames remain luminous yellow (although the intensity is significantly reduced as seen
by the photodiode measurements in Figure 2). This is because of the higher sooting tendency of acetylene
which enables soot formation to persist for a longer time. Thus, acetylene soot remains closer to the high
temperature reaction zone for a longer time making the average soot temperature higher and the distance
between the soot and the reaction layers smaller. Eventually, as is evident from Figure 2, even the
acetylene flames will become blue in ug. From Figure 2 we note that the peak radiation intensity occurs
at about 2.5 cm flame radius which corresponds to a time of about 0.2 seconds. This is almost the
location of the first thermocouple whose output is plotted in Figures 3 & 4 as Tgas(l). From the
temperature measurements presented in Figures 3 & 4, we note that: (i) The flame radiation significantly
reduces the flame temperature (compare the peaks of the second thermocouple with those of the first for
both fuels) by approximately 300K for ethylene and 500K for acetylene. (In fact, the acetylene flame
seems to be on the threshold of extinction at this instant.) (ii) The temperature of the acetylene flame is
about 200K lower than the ethylene flame at the first thermocouple location. (iii) The final gas temperature
is also about 100K lower for the acetylene flame, which is consistent with larger radiative heat loss.

The data from the photodiodes is further reduced to obtain the total soot mass and the average
temperature of the soot layer. This is plotted in Figures 5 & 6. These figures show that the average
acetylene soot layer temperature is higher than the average ethylene soot layer temperature. The total soot
mass produced by acetylene peaks at 0.2 seconds which corresponds to the peak of the first thermocouple,
explaining the large drop in temperature. Also, the acetylene soot layer is cooling more slowly than the
ethylene soot layer which is consistent with the above discussion regarding the photographic observations.
Thus, for ethylene the reaction layer is moving away faster from the soot layer than in the case of
acetylene. This is also consistent with the fact that ethylene soot mass becomes nearly constant but the
acetylene soot mass reduces due to oxidation. Finally, the rate of increase in the total soot mass (i.e. the
soot production rate) should be related to the sooting tendency of a given fuel. This corresponds to the
slope of the soot mass curve in Figures 5 & 6. Clearly, the slope for acetylene is higher.

The flame radius measurements, presented in Figure 1, show a substantial change in the growth rate
from initially being roughly proportional to t'? to eventually (after significant radiative heat loss) being
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proportional to t'*. In Ref. 5, we had developed a
model for the expansion rate of non-radiating flames
which is currently being modified to include the
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effects of radiant heat loss. ~
Fraac
3

Theoretical Work: Due to lack of space, only our Jroo0

most recent theoretical work is summarized here. In o

this work, to quantify the low-strain-rate radiation-
induced diffusion flame extinction limits, a
computational model has been developed for an
unsteady counterflow diffusion flame. So far, only the T ar ez 63 o4 _ o3 ot o7 o8 or
radiative heat loss from combustion products (CO, and B

H,0) have been considered in the formulation. The
computations show a significant reduction in the flame
temperature due to radiation. The adjacent figure
shows the time variations of the maximum flame temperature for various values of the strain rates. This
plot shows that for flames with strain rates less than 1 s™', the effect of gas radiation is sufficient to cause
extinction. These results agree with our earlier study [6] at zero strain rate where gas radiation was also
found to be sufficient to cause extinction. Clearly, additional radiation due to soot will extinguish the

flames at higher strain rates.
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Reduction in Maximum Flame Temperature with
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[n this paper we present the results of a theoretical calculadon for radiadon-induced
exunction of a one-dimensional unsteady diffusion flame in a quiescent microgravity
environment. The model formulation includes both gas and soot radiation. Soot volume fraction
ts not a priori assumed. instead it is produced and oxidized according to temperature and species
dependent tormation and oxidation rates. Thus. soot volume fraction and the resulting tlame
radiation varies with space and time. Three cases are considered (i) a non-radiating flame, (ii)
a scarcely sooty flame, and (iii) a very sooty flame. For a non-radiating flame. the maximum
flame temperawre remains constant and it does not extinguish. However, the reaction rate
decreases as * making the flame "weaker." For radiating flames, the flame temperature
decreases due to radiative heat loss for both cases rcsuln'ngLin extincuon. The decrease in the
reaction rate for radiating flames is also much faster thant™. Surprisingly, gas radiation has a
larger ctfect on the flame temperature in this configuration. This is because combustion products
accumulate in the high temperature reacdon zone. This accumulation of combustion products
also reduces the soot concenmation via oxidation by OH radicals. At early times. before a
significant increase in the concentration of combustion products. large amount of soot is formed
and radiation from soot is also very large. However, this radiative heat loss does not cause a
local depression in the wemperawre profile because it is otfset by the heat release due to soot
oxidauon. These results are consistent with the experiments and provide considerable insight into
radiative cooling of sooty flames. This work clearly shows that radiative-exznction of diffusion
flames can occur in 2 quiescent microgravity environment.
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. Radiative heac rlux
Heat of combuscion per unic mass
Time
Temperarcure
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Velccicy
Reacrion race

¥ X

Molecular weight
Discancs

X

Mass fracrion

N

Density distorced ccordinace

G
a Thermal diffusivity

B Schvab-Zeldovich variabls

v Mass based stoichiometric ccerficienc; number of moles
] Sooc mass fraccion

p Densicy .

3 variable defined in £q. {7)_

Subscripts

F fuel

g Gas

o Oxygen

2 Produccs (#,0, CO,)
5 Soot

Freae stream

INTRODUCTION

The 2bsence of buoyancy-induced flows in a microgravity environment and the resulting
increase in the reactant residence dme significanty alters the fundamentals of many combustdon
processes. Substandal differences between normal gravity and microgravity flames have been
reported during droplet combustion(1], flame spread over solids [2], candle flames [3] and others.
These differences are more basic than just in the visible flame shape. Longer residence time and
higher concentration of combustion products create a thermochemical environment which ch.an.gcs
the flame chemisary. Processes such as soot formation and oxidation and ensuing flame rad.tan.on.
which are often ignored under normal graviry, become very important and sometimes contolling.
As an example, consider the droplet burning problem. The visible flame shape is sphercal under
mictogravity versus a teardrop shape under normal gravity. Since most models of. @plct
combusuon udlize spherical symmetry, excellent agreement with experiments is andcipated.
However, microgravity experiments show that a soot shell is formed between the flame and the
evaporating droplet of a sooty fuel {1]. This soot shell alters the heat and mass wansfer bctwcgn
the droplet and its flame resulting in significant changes in the burning rate and the propensity
for flame extncdon. This change in the nanwre of the process seems to have occurred because
of two reasons: (i) soot formed could not be swept out of the flame duec to the absence of



buoyant tlows, and (ii) soot formation was enhanced dus (o an increase in the residence time.

Recently, some very interesting observations of candle flames under various atmospheres
in microgravity have been reported (3]. [t was found that for the same atmosphere, the bumning
rate per unit wick surface area and the flame temperature were considerably reduced in
microgravity as compared with normal gravity. Also, the flame (spherical in microgravity) was
much thicker and further removed from the wick. [t thus appears that the tlame becomes
“weaker” in microgravity due to the absence of buoyancy gencrated flow which serves to
tansport the oxidizer 10 the combustion zone and remove the hot combustion products from it.
The buoyant flow, which may be characterized by the smain rate, assists the diffusion process 10
execute these essendal functions for the survival of the flame. Thus, the diffusion flame is
‘weak” at very low smain rates and as the smain rate increases the flame is inidally
“srengthened” and eventually it may be "blown out.” The computed flammability boundaries

(4] show that such a reversal in material flammability occurs at srain rates around 3 sec’t,

The above expenmental observations suggest that flame radiation will substantally
influence diffusion tlames under microgravity conditions. particularly the conditions at extinction.
This is because. tlame radiation at very low or zero smain rates is enhanced dus to: (i) high
concenmatdon of combusdon products in the flame zone which increases the gas radiation. and
(i) low smain rates+ provide sutficient residence time for subsiandal amounts of soot to form
which is usually responsible for most of the radiative heat loss. This radiative hear loss may
exunguish the already "weak" diffusion flame. Thus, the objective of this work is to theoretically
investigate the reason why the diffusion flame becomes "weak” under microgravity conditions
and deterrmuine the effect ot flame radiation on this "weak" diffusion flame. This will lead to0
radiation-induced extinction limits. This work is important for spacecratt fire sarety.

THE MODEL PROBLEM

We note that the problem at hand is inherently mansient with finite rate kinedcs and flame
(gas and soot) radiation. Thus, to study the effect of flame radiation on the re2cton zone, we
must rocus on the simplest possible (planar) geomemy. While no attempt is made t0 modzl the
spherical flame geomewy around a fuel droplet in microgravity, the work of Law [5] suggests
that the present results are representadve. This is to be expected because the reaction zoae is
usually thin compared with other characteristic dimensions of the flame, rendering the basic flame
structure essendally independent of the flame shape. Thus. we consider a simple model problem
consisting of an unsteady one-dimensional diffusion flame (with flame radiation) ininated at the
intertace of two quiescent half spaces of fuel and oxidizer at tme t=0. Zero gravity, constant
properues, one-step irreversible reacdon and unity Lewis number are assumed. A novel feamre
of the formuladon presented below is that soot volume fraction is not a priori specified to
determine the ensuing flame radiation. Instead. soot is produced and oxidized according 1o the
temperature and species concentration dependent formadon and oxidation rates. Thus, the soot
volume fracdon and its location within the flame evolve as a funcdon of space and time. The
simplest possible (but realistic) soot formaton and oxidadon model obtained from counterflow
diffusion flame experiments of Ref. 6 is used here to simplify the analysis. A large actvadon
energy asymprotc analysis of this problem withour soot formation and flame radiation may be
found in Ref. 7. A schemaric of the physical problem along with the imposed boundary

3
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conditons is presented in Fignrevl and the corresponding equations are:
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Conninuiry:
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where p is the density,  the time and v the velocity normal to the fuel-oxidizer interface induced
by volumeric expansion.

Species Conservation:
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Symbols used in the above equations are defined in the nomenclature. The reaction rate,
w.. is modelled by a second order Arrhenius expression. Prezxponential factor and the activaton
crfcrgy are chosen for methane undergoing a one-step irreversible reaction £+vo - (1+v) P; wherey
is the mass-based stoichiomermric coefficient. Fuel depleted as a result of soot formadon, though
usually small, is also included in the model via the term (mz' - mee' ), which is zero when
negatve.

Energy Conservation:

-
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In this equation, the source terms include heat released by the primary reacdon and soot
oxidaton and heat lost via flame radiation. The soot oxidaton term is clearly zero when
ncgative. Emission approximadon is used to describe the radiative heat flux from the flame.
Thus, Vo, = 40T (g,,+a,,) where, a and a,, are Planck mean absorption coefficients for
combuston products (co,, #,0) and soot respectively. Planck mean absorption coefficients for



cornbustion products were obrained from Ref. § and for soot we have useda_, =11.86 £,7 cmt
obtained from Ref. 9.

Sootr Conservaton:

£.p,
p

_é_dﬁ + pv__ = (m;;'-—m"‘) , where, ¢= (6)

ox s

Here, both production and oxidative destruction of soot are considered. but the thermophoretic
soot diffusion is ignored for simplicity. Note that the thermophoretic soot diffusion coefficient
is substandally smaller than the corresponding gas diffusion coefficients. While ignoring soot
diffusion wiil inroduce an error in the location of the soot zone relative to the peak flame
(emperature, this error is expected to be smail and of the same order of magnitude as that
introduced by assuming unit Lewis number, constant properties, equal diffusion coefficients for
all gases and one swep chemical reactions. Thus. this assumprion is made to enable
simplifications such as : p*D=const. A simplified equatuon tfor the net soot production rate
(production - oxidation) is taken tfrom Refs. 6 & 10. Also., average number density is used to
avoid including’the soot nucleation rate equadon. The net mass producton rate of soot per unit
volume is thus described by:

ij{

e e 2/3
m,p “.'Tlsa = Apfv (EF-

Y, (7)
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{o)exp(-E,/RT); where§,=1
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[n this equation. the combined atomic mass fraction of carbon and hydrogen is taken 10 represent
the hydrocarbon fuel according o ¢,=¢.+%,, where the subscripts F, C & H denote fuel, carbon
and hydrogen respectvely. Finally, the boundary conditions. as depicted in Figure 1. are: ¥, =
Vo T =T Ye=0a1=0,x>0&att1>0,x 5 =and Y=Y, Y, =0T=T_art=0,
< &art> 0, x — -oo,

The incompressible form of the above equations is obtained by using Howarth
ransformadon z = f udxf where x = O defines the locaton of the material surface that

coincides at t = 0 wuh Lhc original fuel-oxidizer interface. As a result of this choice, v =0 at
x =0. Assuming p3p=p2p_ and defining the reaction rate as w, = AgplY,Y,exp(-Z,/RT), WC
obtain:
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SOLUTION
Analytical Solution

For infinitely fast gas-phase reactions and no flame radiation. a simple, well known,
analydcal soludon is obtained.

erfc( =1 ) (13)

2/D_¢t

Here. B = Y - Vp/vand B = ¥, + C,TIQ, are the Schvab-Zeldovich vanables. The flame lies
at the locaton n,, = 1/(1+vy, /7,.). Tixus. for unity equivalence rado (E=1) based on free
stream concenmaaons, the flame lies at z = 0. For non-unity equivalencs rados (fuel rich (E>1)

. or fuel lean (E<1) conditions] the flame will ravel as Vt in either direction. This is evident from

Equ—43} by simply substituting 11 = ng.  The three possible cases are plotted in Fig. 2 for

methane. The constants used are (11]: forp,=47465 J/gm of fuel
Cp=1.3 J/gmK, T.=295K. v = 4., p_=1.16x10"3 gm/cm® ,and D.=0.226 cm’/sag. The flame
conditions are: (8) Y5.=0.5, 7n=0.125.  (b) Yp=0.5,  Ya=0.0625.

(€) You=0.25, ¥.=0.125. For case (b) the flame travels towards the fuel side because of
excess oxygen (Fig. 2b). Similarly, for case (c) it mavels towards the oxygen side because of
excess fuel (Fig. 2c). However, for case (a) the equivalence rado is unity and hence the flame
is stationary. It simply becomes thicker with tme (Fig. 2a).

Numerical Solution

The above equadons were numerically integrated by using a finite difference Crank-
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Nickolson method where previous time step values were used to evaluate the nonlinear reaction
erms. Care was taken 0 start the diffusion flame with minimum disturbance. [ceally, the
problem must be started such that the two nalf spaces of fuel and oxidizer. as illustrated in Fig.
l. begin a self-sustaining reaction at =0. This ignition of the reactants may be spontaneous or
induced by a pilot. For high acdvation energy, spontaneous ignidon will take a long time during
which the reactants will diffuse into one other developing a thick premixed zone which will bum
prior to establishing a diffusion flame. This will change the character of the proposed problem.
Thus, ignidon was forced (piloted) by artficially making the fuel-oxidizer interface temperature
a5 the adiabanc ftanre MMS%) were solved during this period. Ignidon
was assumed when the reacdon rate at the interfacial node becomes maximum (i.e. dw,/dc = o).
After this instant, the interfacial node was not ardficially maintained at the adiabatic flame
temperature because the combustion process becomes self-sustaining and all the equadons
described above are used. For the calculadons presented below, the time taken to ignite was
4x107* sec. A uniform grid with grid size Az=3x10"* cmand a time-step of Ac=1x10~ seq was
used. Typical calculation for 0.4 seconds physical time took 5 hours on a Sun Sparkstation.

To limit the compurational domain which extends from +e< (0 -eo, the anaivtical soluton
presented above was used 10 compute the temperature at the desired final time (0.4 sdg in the
presentcase). Thé location from the origin where the temperature first becomes equal to ambient
(within machine error) was used to apply boundary conditions at infinity in the numerical
calculations. This was further confirmed by checking the space derivatives (37/3x ) at these

———>eundaries during the calculations. Since inidal soot volume fraction is zero, the goveming
' equation (I;:Q\/\iZ) will produce a mrivial soludon if explicit or implicit finite difference methods
are used. Thus, for first step, an implicit integral method was used to obtain the soot volume
fraction. At the end of the first time step the soot volume fraction is of the order 10%0, It is
important to note that Equ—(12) can self-inidate soot formation despite the absence of a soot

IS

nucleation model. LT
For the calculations presented below. we have used the following data: for gas reactons
(11]: pa,=3.56x10% sec™, E,=122'1€J/mole. For soot reactons we have used[6,10]
A,=10° gm/cm’sec for Case | and lO’gm/cm’se"r‘;:' for Case 2,
“Z,-150 XJ/mole, p,=1.86 gm/cm*. We assume that soot oxidizes to CO releasing heat
— 70,=9 XJ/gm of scoc.

—

RESULTS AND DISCUSSION

Results of calculatons for three cases are presented here. These are labeled as Cases
0.1&2 in Fig@f®)3. Case 0 is the base case with finite reacton rates but without soot formartion
and flame radiation. Case 1 represents a barely sooting flame and Case 2 represents a highly
sootdng flame. As noted above, A_ for Case 2 is increased ten dmes over Casc 1. Based on our
previous work (Refs.6&10), A for most hydrocarbon fuels is expected to fall between Cases
1&2.

Let us first consider the overall results. Figure 3 shows that in the absence of external
flow (i.e., zero strain rate) and without soot formadon and flame radiatlion (Case 0), %hc peak
flarne temperature becomes constant while the reacdon rate decreases as % and the reaction zone



thickness increases [note: in Fig.3 the ordinate has been multiplied by ¢“]. Since the maximum
flame temperature remains constant. exdncdon does not occur. However, for Cases | & 2, the
peak flame temperanire decreases with time faster than ¢'- and eventually extinction (as identified
by some pre-defined temperature limit) wiil occur. This (radiation-induced extinction) is aiso
evident from Fignre, 4 where the temperature profiles at different times are plotted for Cases |
& 2. Clearly, the tlame temperamure decreases due to flame radiation and the flame thickness
increases because of diffusion.

The net amount of soot formed as a function of space and time is shown in Figﬁi‘n\i. The
soot volume fracdon for Case 1 is two orders of magnitude smaller than for Case 2. P}xysically,
Case | represents a barely sooting blue flame and Case 2 represents a fairly sooty blue-yellow-
orange flame. However, despite the differcnces in the magnitude of the soot volume fracton for
the two cases, it first increases and later decreases with time and its spadal distribution shifts
toward the fuel side for both cases. This decrease in the soot volume fraction occurs because
of two reasons: (i) A reducton in the flame temperatre due to radiauon reduces the soot
formation rate, and (ii) A buildup in the concentration of CO- and H,O near the high-temperature
reaction zone. increases the OH radical concenmation which reduces the formaton of soot
precursors and assists in soot oxidation (see Refs.6 & 10). This increased OH radical
concentmaton is also responsible for shifting the soot profile toward the fuel side.

The effect of soat formaton on flame radiadon is shown in Fxgu‘::; 6. Here, radiadon
from both combustion products and soot is plotted as a function of space dnd time. As expected,
soot radiation for Case 2 is substanually larger than for Case | while the gas radiaton is
approximately the same (Note: the scales of the two figures are different]. This soot radianon
decreases with time bscause both the soot volume fraction and the flame temperature decrease.
The eifect of soot radiation is to reduce the peak flame temperature by about 100K (see Fig.3)
with the difference diminishing with increasing time. Surprisingly, as seen in Fig. 3, the effect
of gas radiaton on the peak flame temperarure is much larger and increases with ume, becoming
1000K at 0.4 sec. This is because at zero smain rates the combustion products accumulate in the
high temperature reacdon zone. As noted above, these combustion products are also responsible
for the reduction in the soot volume fracton.

Another interesting observation is that despite the large asymmery inooduced by soot
radiation at inigal times (Fig. 6), Figu’g.z; 4 shows that the temperature profiles are esseagally
symmerical. This implies that the heat lost via soot radiaton (Sth term.of Eg: ]
approximately equals the hear produced via soot oxidation [4th term of Eq—<11)]. Since both
occur at the same location, a discernible local depression in the temperamre profile is not
observed. This fact is experimentally substandated by our low smain rate counterflow diffusion
flame experiments. Figure 7 shows the measured soot volume fraction and flame temperature.
The fuel and oxidizer concentrations and the srain rate for this flames are 22.9%, 32.6% and 8
séx! respectively. Absence of local temperature depression is also consistent with the
observation that radiation from a soot particle at these high temperarures will quickly quench the
particle unless its temperatmre is maintained via some local heat release. In the present case, this
hear release is due to soot oxidation. Thus, a porton of the fuel that is convered into soot
oxidizes at a location different from the main reaction zonc and nearly all the heat released
during this process is radiated away. The remaining fuel is oxidized at the main reaction zonc



resulting in a lower heat release and hence 2 reduced peak flame temperature. This is the
justfication for including the last term in Eq~(3) and the 4th term in Ea{11). These terms
accounc for fuel consumption and heat released due (0 net soot formation {or oxitdauon) and
provide valuable new insight into the mechanism of radiative cooling of sooty tlames.

The above conclusion is also clear from Figure 8 which shows the spaual dismributon of
soot and temperature for Cases | & 2 at 0.2 seconds after ignidon. Note that while the peak
temperature is about 75K lower for Case 2, the prorile is nearly symmerwrical about the origin for
both cases despite the sharp & narrow soot peaks on the fuel side. Also note that the magnitude
of the soort peak (soot peak for Case 2 is about two orders of magnitude larger than for Case 1)
had a negligible effect on the symmerry of the temperature profile. Figure 8 is also qualitatively
very similar to our low strain rate countertlow diffusion flame experimental measurements as
shown in Fig. 7. The conclusions of this paper will not be altered with the inclusion of
thermophoretic soot diffusion. As the soot moves away from the high temperature reaction zone
toward the cooler regions of the flame, its conmibution to flame radiaton drops relatve 1o
gaseous radiation.  Thus, the imporance of gaseous radiation increases. However,
thermophoresis may resuit in the formation of a soot-plane similar to the soot-shell observed in
sphenical geomewy. This will indeed be quite Interesang (0 observe.

Finally, we note that emission approximation was used in the flame radiation formulation.
Since the reaction zone thickness is of the order of a few centimeters, self-absorption of radiadon
may become important and in some cases it may alter the extinction limit.

CONCLUSIONS

This paper presents the results of a theorerical calculation for radiation-induced extinction
of a one-dimensional unsteady diffusion flame in a quiescent microgravity environment. The
model formulaton includes both gas and soot radiation. Soot volume fraction is not a prioni
assumed. instead it is produced and oxidized according to temperamure and species dependent
formauon and oxidation rates. Thus. soot volume fraction and the resulting tlame radiation varies
with space and ume. Three cases are considered (1) a non-radiadng flame. (ii) a scarcely sooty
tlamne. and (iii) a very sooty flame. For a non-radiating flame, the maximum flame temperaure
remains constant and it does not extnguish. However, the reaction rate decreases as t* making
the flame "weaker." For radiating flames, the flame temperature decreases due to radiative heat
loss for both cases resulting in extincrion. The decrease in the reacton rate for radiadng flames
is also much faster than (7 Surprisingly, gas radiation has a larger cffect on the flame
temperature in this configuradon. This is becausc the combustion products accumulate in the
high temperarture reacton zone. This accumulation of combustion products also reduces the soot
concenuadon via oxidation by OH radicals. At carly times, before a significant increase in the,
concenaton of combuston products, large amount of soot is formed and radiation from soot
is also very large. However, this radiative heat loss does not cause a2 local depression in the
temperature profile because it is offset by the heat release due to soot oxidation. These results
arc consistent with the experiments and provide considerable insight into radiative cooling of
sooty flames. This model, while approximate with several assumptions, clearly shows that
radiatve-exunction of diffusion flames can occur in a microgravity environment. In the present
model sclf-absorpdon of the radiaton 